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Preface 

This thesis presents novel design strategies and synthesis of metal-free organic chromophores 

for triplet state emission via room temperature phosphorescence (RTP) and thermally activated delayed 

fluorescence (TADF). 

The thesis is divided into six major chapters. 

Chapter-1 is an introduction to the field summarizing the strategies employed in harvesting 

the triplet state excitons of organic chromophores (e. g. RTP and TADF) and their important 

applications in modern lighting devices. Along with that, a general outline of the methods (design 

principles) used in order to stabilize the triplet excitons to obtain efficient RTP and TADF under 

ambient conditions is discussed in the context of the present thesis. 

Part-A deals with the direct transition from an excited triplet state to ground singlet state as 

room temperature phosphorescence (RTP).  

In chapter-2, we have utilized a simple crystalline chromophore, carbazole, and introduced 

heavy-atoms like Bromine (Br) in order to enhance spin-orbit coupling (SOC). Although carbazole is 

well studied for its strong excimer “fluorescence” emission, with this “heavy-atom effect” strategy we 

have been successful to achieve strong red-emitting RTP with quantum yield ~15 % in air. 

In chapter-3, we moved towards developing methods for organic long persistent luminescence 

(OLPL) under air- and solution-processed thin films. Here, we utilized polyvinyl alcohol as a rigid host 

which accommodates metal-free organic phosphors via non-covalent interactions e. g. H-bonding or 

ion-dipole interactions and reduces the aggregation caused quenching as well as vibrational 

dissipations. These materials are shown to show strong blue, greenish yellow and even white long-

persistent phosphorescence with quantum yield over 20 % in air with lifetime up to 2.5 s. Further a 

unique “phosphorescence energy transfer strategy” has been applied which has never been done for any 

metal-free organic systems, for color-tunable “delayed fluorescence” from commercially available dyes 

like Sulpharhodamine G.  

In chapter-4, we solved a long-standing problem of “solution-state” room temperature 

phosphorescence by a novel organic-inorganic hybrid self-assembly approach. Here, inorganic 

nanoparticles (LP) are shown to form rigid supramolecular microenvironment with charged organic 

chromophores having aromatic carbonyl groups and bromine atoms in their core. These functional 

groups provide a good excited triplet yield via efficient SOC and stabilized by the reduced vibrational 

motion of the rigid organic-inorganic supramolecular network and limited oxygen permeability.    

Part-B deals with the strategy of harvesting excited triplet states indirectly via a reverse 

intersystem crossing process to result in thermally activated delayed fluorescence (TADF).  
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In chapter-5, we have utilized a donor-acceptor, charge-transfer molecular design strategy to 

tune the excited singlet and triplet energy gap (a newly developing field of research) for harvesting 

triplet excitons via delayed fluorescence. In this way, we could successfully achieve efficient TADF 

from a novel class of electron-deficient molecular system, namely, arylene diimides when conjugated 

with a donor molecule, carbazole. Detailed theoretical and spectroscopic analysis suggested that the 

locally excited triplet energy of these materials play a very important role for both TADF efficiency as 

well as color-tunability from blue to NIR region.    

In chapter-6, we utilized triazatruxene (TAT) based donor-acceptor chromophores to get 

efficient cyan and green-emitting TADF in air. The high triplet state energies of TAT and other 

constituting acceptor motifs (benzophenone and triazine) are proposed to be playing a key role for their 

efficient delayed fluorescence feature. Since, pure blue-emitting materials are still a difficult task to 

solve in commercially available phosphorescence OLED materials, TAT based systems shown here are 

promising for further development. In addition, a synthetic strategy to substitute the core of TAT with 

acceptor units (e. g. naphthalene monoimide) has been done to improve the solution-processability of 

this class of materials which are otherwise difficult to achieve.  
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Chapter 1 

Introduction 

 

Abstract 

Harvesting the triplet excitons from organic chromophores is the key for achieving maximum 

efficiency in modern electroluminescent display devices such as organic light emitting diodes 

(OLEDs). In addition, due to the high sensitivity to air and slow-emitting characteristics of triplet 

excitons, organic triplet emitters are also very promising for various optical sensing and bio-

imaging applications. Until recently, such triplet emitting phenomena (as phosphorescence) from 

purely organic molecules could only be observed under inert atmosphere and cryogenic 

conditions to prevent the non-radiative pathways that deactivate the excited triplets as heat. In 

addition, small organic chromophores generally lack strong spin-orbit coupling (SOC) which is 

the key for efficient triplet emission. In this regard, organometallic complexes have been utilized 

as phosphorescent emitting materials due to their high SOC strength and therefore, high ambient 

phosphorescence efficiency. In fact, especially due to this ambient triplet stability they have been 

widely explored as OLED materials for past two decades and commercialized as modern display 

devices. However, their potential toxicity as well as high-cost and instability especially in the 

blue-region still remains a grand challenge for these materials to be mass produced. Hence, 

developing alternative “metal-free” organic triplet emitters are more interesting although it is a 

highly challenging task. There are two major pathways by which ambient triplet harvesting can 

be done from metal-free organic chromophores, namely, room temperature phosphorescence 

(RTP) and thermally activated delayed fluorescence (TADF). In this introduction Chapter, we 

will be discussing the fundamental theory of phosphorescence and various mechanisms for 

delayed fluorescence in detail. In addition, we will also provide an overview on the design 

principles of such triplet emitting materials and their various state-of-the-art applications 

ranging from OLEDs, optical sensing and in vivo bio-imaging.     
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1. Introduction 

1.1. Singlet and Triplet States 

In order to fully describe an electronic state of an organic molecule, one need to include 

the spin wavefunction into the total electronic wavefunction that usually considers the electron’s 

spatial coordinates and the position of the nuclei.[1] Spin is a quantum mechanical expression of 

the electron’s angular momentum and a fundamental property like its mass and charge. The spin 

of an electronic state considers the total spin of all electrons present in all the orbitals. However, 

the electrons which reside in the filled orbitals are always paired with anti-parallel spins and 

hence they contribute zero to the total spin (e. g. the ground singlet state, S0). For the analogous 

excited states, the spin is determined by considering a two-electron system which are residing in 

two different orbitals as an unpaired set of electrons. For instance, the unpaired electrons of an 

excited state configuration, one electron reside in a π*-orbital and the other one in a π-orbital. To 

understand this arrangement in a simpler way, one can refer this excited state configuration to a 

singlet (or triplet) state when the spin of electron in the π* orbital and that of its partner electron 

in the π-orbital are antiparallel (parallel) and leading to a total spin of zero (one) in the units of ℏ 

(Figure 1.1a). The numbering of different excited states is done in an ascending energetic order, 

for example, S1, S2, or T1, T2, and so on, for the energetically lowest or second lowest singlet or 

triplet excited states of the molecule. Spin angular momentum is a vector quantity that couples 

according to the rules of quantum mechanics and designated by the operator Ŝ. There are four 

possible spin eigenstates of Ŝ for a two electron system (e. g. one electron in a π*-orbital and one 

in a π-orbital and each having spin 1/2). The first spin wavefunction has eigenvalue of 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 therefore this is called singlet. 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). This arrangement is therefore called triplet. A vectorial 

representation is given in the Figure 1.1b. It is worthwhile to mention that the designation of 

these different configurations is a direct manifestation of the principle of indistinguishability in 

quantum mechanics which suggests that the wavefunction of a system must be symmetric or 

antisymmetric with respect to exchange of two electrons. In this case, two electrons with two 

possible spin states can have four possible spin combinations:   ,    ,     and  . 

The first two states are symmetric with respect to exchange of the two electrons whereas the last 

two states are neither symmetric nor antisymmetric. Linear combinations of the last two states in 

the following form will make one of them symmetric and the other one antisymmetric: 
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1

√2
     +     and 

1

√2
         ; Where,  

1

√2
  is the normalization constant. The 

three symmetric states form the triplet states and the only antisymmetric state forms the singlet 

state. 

Figure 1.1. a) Singlet and triplet excited states in an orbital configuration scheme. Only one spin 

configuration is shown for the triplet state. b) A vector diagram illustration for the relative 

orientations of the two electron spins in the singlet and the triplet states. These two spins are 

indicated by the arrows which process around a local magnetic field in the z-direction. The 

antiparallel and 180 out-of-phase configuration is designated as a singlet state and the other 

three configurations are designated as triplet state. (Figures reproduced with permission from 

Reference 1). 

In the context of the present Thesis, it is very important to understand the various excited 

state transitions which occur upon the photo-excitation of the molecule. Before we understand 

these processes, it has to be noted that in the ground state of organic molecules the electrons share 

an orbital as a pair of bonded electrons or non-bonded lone-pairs. Therefore, the ground state of 

an organic molecule is generally a singlet state and hence the electrons will have antiparallel 

paired spins. However, in the excited state, the spin-orientation rule is no longer restricted 

because electrons are now sharing two different orbitals. As can be evident from Figure 1.1a, in 

the ground state two electrons share same orbitals in the highest occupied molecular orbital 

(HOMO). Upon photoexcitation, the electrons are residing in HOMO of the excited molecule 

and the other one in the lowest unoccupied molecular orbital (LUMO) which was empty prior to 

the photoexcitation. Importantly, these electrons can either be antiparallel (singlet) or parallel to 

each other (triplet). However, direct population of the triplet state is quantum mechanically 

forbidden and generally occur via a process called intersystem crossing. This process is of 

particular importance within the context of the present Thesis work and will be clearer in the later 

part of this discussion. Nonetheless, when there is a direct transition from the lowest excited 

singlet (S1) state to ground singlet state (S0), the process is called fluorescence and similarly from 

LUMO

S0 S1 T1

Vacuum Level

HOMO

S = 0

Ms = 0

       

S = 1

Ms = -1

  

S = 1

Ms = 0

          

S = 1

Ms = +1

Singlet Tripleta) b)
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the lowest excited triplet (T1) to S0 is called phosphorescence. There are many fundamental 

differences between these photo-processes which will be discussed in the next section with a 

special attention to the excited triplet states and their radiative decay pathways (phosphorescence 

and delayed fluorescence). 

1.2. Excited-state Processes 

Since in this Thesis we try to achieve the radiative decay of the triplet excited state under 

ambient conditions, it is a good starting point to analyse the photophysical processes when an 

organic molecule is excited by a photon (Figure 1.2). According to Boltzmann distribution (at 

room temperature), the majority of molecules will be in the lowest vibrational level of the ground 

state and as a result the absorption is always shown to start from this level.  When an organic 

molecule absorbs a photon, it gets promoted from the S0 (lowest vibrational level) to one of the 

vibrational levels of the excited singlet states (Sn, n>0). The timescale of this process is very fast, 

in the order of 10-15 s. Since, absorption strictly follow the total angular momentum conservation 

rule, only singlet-singlet transition is allowed whereas the singlet-triplet transition is forbidden.[2] 

After the molecule is promoted to an excited state following the absorption of a photon 

(with similar or higher energy than the energy gap of the Sn and S0 states), it reaches a non-

equilibrium state and need to dissipate the energy it has acquired and eventually return to the 

ground state. The first way it follows in order to dissipate the energy is called vibrational 

relaxation (VR), which is defined as a non-radiative transition to a lower vibrational level within 

the same electronic state. By this process, the excess vibrational energy is lost as heat to the 

vibrational modes within the same molecule (an intramolecular process) or to the neighbouring 

molecules such as solvent (intermolecular), until it reaches the lowest vibrational level of that 

particular electronic state (this is applicable to the ground singlet state as well). The timescale of 

vibrational relaxation is extremely fast in the order of 10-12-10-10 s.  
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Figure 1.2. The Perrin-Jablonski diagram showing the most important excited state transitions 

(both radiative and non-radiative) upon absorption of photon. Typical rates of these transitions 

are shown in the diagram. The spin configurations are also shown for the S0, S1 and T1 state. It 

is to be noted that, the S0 T1/Tn absorption is forbidden, however, T1 T2/Tn transitions 

(absorption) are allowed under certain experimental set-up.                                                                                                                                                                          

Once the molecule reaches the lowest vibrational level of the higher-lying excited singlet 

state (e. g. S2 state), it will quickly under undergo a process called internal conversion (IC) to 

reach lowest excited singlet state (S1), followed by quick vibrational relaxation to the lowest 

vibrational level of S1. Internal conversion (IC) is defined as a non-radiative transition between 

two electronic states of the same spin-multiplicity. Hence, the process is applicable to the triplet 

excited states as well. It should be mentioned here, all higher-lying singlet/triplet states (upon 

absorption of photon) will eventually relax back to the lowest excited singlet/triplet state by the 

IC mechanism. The rate at which the IC takes place depend on the energy gap between the initial 

and final electronic states. For example, the rate is much faster (usually in the order of 10-10 to 

10-8 s) between closely-spaced higher-lying singlet states (i. e. S3 to S2, S2 to S1 etc.) as compared 

to S1 to S0, because of the much wider energy gap. Therefore, when the molecule reaches the 

lowest excited singlet state, the IC competes with other relaxation processes such as fluorescence 

and intersystem crossing (ISC). Both these processes are extremely important in the context of 

this Thesis and will be discussed briefly in the following paragraph. 

Fluorescence is a radiative transition between two electronic states of the same spin-

multiplicity.[3] In this discussion we will consider S1S0 transition as fluorescence process. The 
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timescale of florescence is usually 10-10 to 10-7 s. As a consequence of the previously discussed 

vibrational relaxation and internal conversion, fluorescence always takes place from the lowest 

vibrational level of the first excited singlet state to the ground singlet state. This is an empirical 

rule given by Michael Kasha and is famously known as Kasha’s rule.[4] The Kasha’s rule states 

that “luminescence (fluorescence or phosphorescence) only occurs with appreciable yield from 

the lowest excited state of a given multiplicity”. This also explains the origin of Stokes-shift 

where the fluorescence emission takes place at the longer wavelengths as compared to the 

absorption (i. e. excitation wavelength). 

There is another common route, alternative to the internal conversion and fluorescence 

from the S1 state. This is a process called ISC and defined as a non-radiative transition between 

two isoenergetic vibrational levels that belong to electronic states with “different” spin-

multiplicity (e. g. transition from S1 to T2 or T1, whichever is isoenergetic to the vibrational levels 

of S1). This process is a formally forbidden process as there is a change in spin-multiplicity and 

hence the total angular momentum is not conserved. The process is therefore very inefficient in 

general and require strong spin-orbit coupling strength in order to become competitive to spin-

allowed transitions like internal conversion or fluorescence. As mentioned earlier once the triplet 

state (Tn, n>0, e. g. T2 or T1) will relax to lowest vibrational level following internal 

conversion/vibrational relaxation (Kasha’s rule). Typical timescale of ISC (provided the 

molecule has strong spin-orbit coupling strength, e. g. transition metal complexes) is 10-10 to 10-

8 s. 

Once the molecule reaches the lowest vibration level of T1, it can have the similar fate of 

S1 excited state as discussed earlier. We can either see a radiative transition from T1S0 state 

which is known as phosphorescence. However, the transition is a spin-forbidden process similar 

to the ISC (vide supra) and hence the timescale of phosphorescence is extremely slow (10-6 to 10 

s) and typical lifetime of phosphorescence emission is in the range of µs-s. Because of long 

lifetime, triplets are highly susceptible to intermolecular collisions (e. g. with solvent molecules) 

that activates non-radiative vibrational relaxations and the excited triplet energy is simply lost as 

heat. The most efficient way to prevent such vibrational (or collisional) quenching/dissipation is 

to freeze the molecular motion (of both solvent and phosphor molecules) under cryogenic 

conditions, in a glassy solvent matrix. In addition, because of the spin-allowed triplet-triplet 

energy transfer to molecular oxygen (ground state of molecular oxygen is of triplet character), 

triplets are quenched rapidly under aerated conditions. In this Thesis, we have taken these factors 

into account and developed new design strategies to prevent the non-radiative quenching of 
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triplets for efficient phosphorescence emission under fully ambient conditions (i. e. in air and 

room temperature). 

Considering the theme of this particular Thesis work, there is another important process 

that the lowest triplet excited state (T1) can undergo, which is a reverse intersystem crossing 

(RISC) to S1 state. In this way the triplets are harvested indirectly as delayed fluorescence (DF). 

A more comprehensive description of this highly desirable process will be outlined in the later 

part of this Chapter.  

1.3. Harvesting Triplet Excitons by Phosphorescence Process: Key 

Parameters and Molecular Design 

Transition from singlet to triplet state (e. g. S1 to T1) is a forbidden process because there 

is a change in the spin angular momentum when the spin-flipping takes place. However, spin-

flipping/intersystem crossing can take place when the electron experiences strong spin-orbit 

coupling (SOC) effect. SOC takes place due to coupling of spin and orbital angular momenta of 

the electron. In this way, a strong electromagnetic force created by the atomic nucleus on the 

rotating electron causes a change on the orientation of its spin. The extent or rate of intersystem 

crossing depends proportionally to the SOC strength and inversely proportional to the gap 

between the singlet-triplet states. The quantum mechanical relationship can be expressed by the 

following equation: 

                                                       δ = 
< 𝟑  | 𝑯𝑺𝑶|  𝟏 >

|𝑬𝑺𝟏−𝑬𝑻𝟏|
       (1.1)  

Here, the perturbation factor δ describes the singlet–triplet mixing by first-order spin–

orbit coupling according to the First-order Perturbation Theory.[5] 1Ψ and 3Ψ are the 

wavefunctions of the singlet and triplet states participating in the intersystem crossing, 

respectively. Hso is the spin–orbit Hamiltonian and ES1 and ET1 are the energy levels for singlet 

and triplet states. This mathematical expression describe that a greater spin–orbit matrix value 

(in Chapters 2 and 4 we shall see this is quantified by the spin-orbit coupling matrix element or 

SOCME) and a smaller energy gap (ΔEST) between the singlet and triplet states correspond to a 

larger δ; which in turn suggests a high probability of electronic transition between singlet and 

triplet states. In the following discussion we will describe how the SOC can be increased along 

with the strategies for lowering the energy gap (ΔEST). The mathematical expression of spin-orbit 

coupling Hamiltonian is given in equation: 

                                                        𝑯𝑺𝑶 = −
𝒁𝟒𝒆𝟐

𝟖𝝅𝜺𝟎𝒎𝒆
𝟐𝒄𝟐  𝒍 ∙ 𝒔   (1.2)  
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From equation 1.2 it is clearly evident that the SOC depends primarily on two 

parameters: 

(i) The co-efficient which is basically a collection of many constants (e is the elementary 

charge of an electron, 𝜀0 is the permittivity of the vacuum, 𝑚𝑒 is the mass of an electron, and c 

is the speed of light) and the atomic number of the nucleus, Z. This particular factor (Z) is the 

most important one in tuning the magnitude of SOC, since HSO is proportional to Z4 and highly 

sensitive to the charge/size of the nucleus. The change in the orientation of the electron spin is 

facilitated by the strong electromagnetic field of heavy-atomic nucleus such as Pt, Ir or halogens 

like Br or I. Since the first demonstration of an internal heavy atom-effect by McClure in 1949,[6] 

various halogen or large-atomic-number metal atoms have been incorporated into luminescent 

organic molecules to enhance phosphorescence intensity relative to fluorescence. 

(ii) The dot product of orbital and spin angular momentum (l.s). This factor is 

comparatively weaker in magnitude in terms of facilitating the spin-flipping process as compared 

to the previous one (i. e. atomic number of the nucleus). However, in this Thesis, we would be 

discussing that the ISC and phosphorescence intensity can be strongly influenced without the aid 

of any heavy-atom effect. Interestingly, the rate of the phosphorescence emission can be slowed 

down in comparison to the examples which utilizes the heavy-atom effect. From an application 

point of view, the rate of phosphorescence emission should ideally be slow for encryption or bio-

imaging studies; whereas, for lighting applications (e. g. OLEDs) faster lifetime (i. e. fast 

phosphorescence decay) is desirable to circumvent the efficiency roll-off at high brightness.  

Nonetheless, as mentioned earlier, in an intersystem crossing (ISC) process, we see a 

change in the spin angular momentum. Therefore, in order to conserve the total angular 

momentum of the electronic transition (i. e. ISC in the present case), the orbital angular 

momentum has to be changed as well. This particular rule has been postulated by Mostafa El-

Sayed in his seminal works in the 1960s.[7] The rule can be simply understood by the following: 

the rate of ISC is large when the transition takes place between the electronic states of different 

multiplicity with a change in their respective orbital configuration. A schematic diagram is given 

in Figure 1.3 to explain this rule.[8] The ISC will be fast and efficient when transition involves a 

change in the orbital type; i. e. the singlet is of π-π* and triplet is of n-π* in nature or vice versa. 

On the other hand, the rate will be slow when the single and triplet both are π-π* or n-π*.  
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Figure 1.3. a) Schematic description of El-Sayed’s Rule. B) Molecular examples showing 

different extent of spin-orbit coupling. 

According to equation 1.1, we must also take into account the energy gap between the 

singlet and triplet states. However, in the present discussion on the phosphorescence emission 

we assume a small gap of lowest excited singlet and nearest excited triplet state. However, the 

importance of this particular factor will be explained on the mechanism and design strategy of 

thermally activated delayed fluorescence (TADF) emitting molecules.  

Now, we have understood the extent of triplet population is largely determined by the 

extent of SOC. However, it is not wrong to think that the transition of T1→S0 as similar ISC 

process in the context of another spin-flipping requirement. Therefore, this transition again is 

spin forbidden and hence a relatively slow process as compared to the fluorescence (typical rates 

given in the previous section). Both the slowness of the phosphorescence transition and its spin-

forbidden nature and the relatively large energy gap between the ground singlet state makes the 

triplets highly susceptible to various quenching pathways as outlined earlier leading to non-

radiative deactivation. In fact, only feeble phosphorescence emission could be achieved in most 

of the common small organic molecules even under cryogenic/inert conditions and therefore, the 

practical applications of organic phosphors has long been neglected. Until recently, the 

phosphorescence emission has been relied on the organometallic phosphors. However, a 

significant improvement in the understanding and consequent design principles has been 

achieved with metal-free organic chromophores which exhibit phosphorescence under ambient 

conditions. Some of these breakthrough examples are outlined in the next sections. 

1.4. Ambient Organic Phosphors 

The organic material that exhibit phosphorescence mainly classified into two parts: 

a) Organometallic phosphors 

El-Sayed’s Rule

π - π *

n - π * n - π *
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orbital configuration
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b) Metal-free/purely organic phosphors 

1.4.1. Organometallic Phosphors 

Organometallic complexes have been utilized as most efficient organic phosphors as they 

are capable of producing high triplet density due to strong spin-orbit coupling effects provided 

by the heavy-nucleus of the transition metals.[9] This in turn ensure high phosphorescence 

quantum efficiency and short emission lifetime, both are highly desired for applications in solid-

state lighting materials such as OLEDs. Another important aspect of these class of phosphors is 

their colour tunability which is achieved easily by modulating the ligand structure and their 

subsequent excited state energy profiles. Among various organometallic complexes studied until 

now, transition metals like Pt, Ir, Ru and Os; Ir-complexes has been explored as best molecular 

systems for lighting applications. Ir-complexes are easily synthesized and their emission can be 

tuned from blue to red with excellent quantum yields. However, organometallic complexes have 

certain limitations such as choice of limited numbers of metals, high cost (Ir is 6th rarest metal on 

earth) and most importantly their instability in the UV/blue-region of the emission spectrum 

which require strong metal-ligand bonds. Therefore, these drawbacks have prompted the 

researchers around the world to explore more alternatives which would be cost-effective, 

environmentally benign and equally efficient. In that regard, metal-free or purely organic 

phosphors (or TADF emitters) are attractive alternatives which would provide easy and flexible 

synthetic protocols (hence chemical tunability), low cost and wide-range colour-tunability by 

modulation of the π-conjugation length. A list of representative organometallic phosphor 

materials[10] are given in Figure 1.4 and a detailed survey of the organometallic phosphors is 

beyond the scope of this thesis. 
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Figure 1.4. Examples of organometallic-complexes based on Ir showing bright 

phosphorescence. (Reproduced with permission  from Reference 10). 

1.4.2. Purely (metal-free) Organic Phosphors 

Since the pioneering works of Lewis and Kasha in the 1940s,[11] detectable organic 

phosphorescence has been achieved in many simple chromophores like naphthalene, carbazole 

etc. at cryogenic temperatures in glassy matrix. However, the practical application of purely 

organic phosphors have been realized recently, majorly in crystalline organic materials with 

certain functional groups.[12] Among these, most commonly explored molecular systems are 

aromatic carbonyls. There are many advantages utilizing the carbonyl functional group in a 

phosphor design. The lone pair on the oxygen atom can bring about favourable orbital 

characteristics required for efficient ISC process to occur according to El-Sayed’s rule.[13] For 

example, in case of benzophenone, the S1 state is of n-π* in character, whereas nearest T2 state is 

of π-π* character (Figure 1.5a). Next, relatively small singlet triplet gap would also help in 

accelerating the process and it has been shown that the ISC is nearly 100 % for benzophenone.[14] 

Although aromatic carbonyls facilitate ISC by following the El-Sayed’s rule, their energy 

landscape cannot be predicted in a straightforward fashion. As evident from Figure 1.5b, 

increased ΔEST in case of pyrenealdehyde slows down the ISC rate to at least 5 folds as compared 

to the benzophenone. In addition, all these examples the phosphorescence was detected only at 

low temperature and in glassy matrix (77 K). Nonetheless, aromatic carbonyls (and structurally 

similar functional groups with lone pair of electrons, e. g. thiones, sulphonyls etc.) offered a 

suitable model system for the development of modern room temperature phosphorescence (RTP) 

systems which is outlined in the following discussions. 
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Figure 1.5. a) Jablonski diagram for benzophenone at 77 K. b) Examples of different rates of 

intersystem crossing for S1 (n-π*)  T (π-π*) and S1 (π-π*)  T (π-π*) transitions in carbonyl 

compounds.  (Reproduced with permission from Reference 14) 

 

1.4.2.1. Purely Organic Phosphorescence in Crystalline Assembly 

1.4.2.1.1. Crystallization-induced RTP 

The basic reason behind non-emissive nature of phosphorescence under ambient 

conditions stems from the rapid non-radiative decay pathways and poor spin-orbit coupling. 

Therefore, reducing the molecular motion of organic molecules in a rigid crystalline assembly 

has been exploited by Tang and co-workers, where they successfully achieved “Crystallization-

induced Phosphorescence or CIP” in various benzophenone derivatives with excellent quantum 

efficiency (~40 %) at room temperature.[15a] Detailed single crystal analysis of these molecules 

show numerous non-covalent interactions, particularly, C-H•••O, N-H•••O, C-H•••X (X = F, Cl, 

Br), C-Br•••Br-C, and C-H•••π hydrogen bonding, which effectively lock the conformational 

flexibility of the phosphors and lead to such unprecedented RTP properties under ambient 
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conditions (Figure 1.6). Many different ways of colour-tunability and lifetime modulation from 

organic phosphorescence systems utilizing this so-called “crystallization induced 

phosphorescence” has been exploited successfully since-then.[15] 

 

Figure 1.6. Crystallization induced phosphorescence from benzophenone and its derivatives. a) 

Molecular structure of BP and difluorobenzophenone (DFBP). b) Single crystal structure of 

benzophenone (BP) showing different intermolecular interactions. c) Photographs of the crystals 

of BP both under daylight and 365 nm UV-lamp (blue RTP). d) Single crystal structure of DFBP 

showing more intermolecular interactions than the parent BP. This leads to a better rigidification 

of the crystalline network in DFBP and increases the phosphorescence quantum yield to 39.7 % 

in comparison to BP (16 %). e) Photographs of the crystals of BP both under daylight and 365 

nm UV-lamp (blue RTP). f) List of some other phosphorescent crystals studied in this work and 

g) their photographs taken under 365 nm UV-lamp also show bright ambient RTP. (Reproduced 

with permission from Reference 15a) 

 

1.4.2.1.2. Directed Heavy-atom Effect 

Parallel to the reports of CIP, Kim and co-workers have reported more comprehensive 

and systematic approach towards harnessing bright RTP from pure organic molecules.[16] They 

developed a unique “directed heavy-atom effect” strategy in a bicomponent crystalline 

assembly.[16a] Halogen-bonding between the host matrix (a dibromo-substituted aromatic 

compound) and guest phosphor (an aromatic bromoaldehyde) was utilized to rigidify the 

bicomponent assembly, in addition to promote simultaneous internal and external heavy-atom 

effects. Both these factors helped in activating a strong RTP by increasing the overall SOC in the 

system and reduced vibrational quenching. The reduced vibrational quenching and enhanced 

SOC was reiterated by the absence of any phosphorescence in solution state (Figure 1.7a-d). 

Moreover, this particular system also showed the importance of solid state dilution effect, since 

the crystalline samples of pure phosphor molecules (i. e. without the host co-crystal) exhibited 

very weak RTP because of excimer-induced self-quenching or plausibly triplet-triplet 
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annihilation processes (Figure 1.7c and 1.7d). Nonetheless, their work showed the bicomponent 

co-crystals could achieve phosphorescence quantum efficiency to as high as 55 %. The authors 

also attempted the colour-tunability of organic phosphors by tuning the π-conjugation length of 

the aromatic core to obtain blue and orange emission (Figure 1.7e-g). However, the 

phosphorescence efficiency reduced dramatically (~1% for both blue and orange phosphors) and 

the reason behind this observation was not very clear. In fact, a rational design of crystalline 

phosphors based on a particular class of molecular unit, that show high quantum efficiency as 

well as colour-tunability is yet to be developed. Hence, other means of achieving these properties 

are being investigated by many groups. 

  

 

Figure 1.7. Design Principle for Directed Heavy-atom Effect and the molecular examples. a) In 

solution state, aromatic bromoaldehydes undergoes intersystem crossing but the triplets are lost 

as heat and only fluorescence in emission is observed. b) In solid state, halogen bonding between 

these chromophores lead to phosphorescence. c) The highly ordered crystals of aromatic 

bromoaldehyde shows RTP, but self-quenching due to excimer formation reduces the overall 

phosphorescence efficiency. d) The guest bromoaldehyde phosphor is diluted in the host 

(dibromo analogue of the phosphor) crystal to reduce the quenching effects while maintaining 

strong rigidity and external heavy-atom effect, leading to substantially high quantum efficiency 

(~18 fold increase). e) Molecular structures, f) photographs (under 365 nm UV-lamp) and g) the 

phosphorescence emission profiles of the chromophores studied in this work. (Reproduced with 

permission from Reference 16a) 

Based on these two works, the field of organic phosphors have come a long way so far. 

Till now, most of the bright-emitting phosphors are based on the crystal-engineering of the 

molecules and exploit various intermolecular interactions that not only improve the rigidification 

a) b)

c) d)

e)

f) g)

BrC6A/BrC6 Br6A/Br6

BrS6A/BrS6 Np6A/Np6

BrC6A/BrC6

Br6A/Br6

BrS6A/

BrS6

Np6A/Np6



Ambient Triplet Harvesting: Design Principles and Applications 

 
 

 
 

 
     15 

 

  

of the entire assembly, but also accelerate the ISC process as well by means of intermolecular 

electronic coupling between the chromophores (one example is external heavy-atom effect). In 

the following section, we will discuss two more significant examples of organic phosphor design 

for their unique organization in the solid-state that led to extraordinary photophysical properties.  

It must be mentioned that, both these examples are fundamentally similar to previous examples 

in terms of the “crystalline-induced phosphorescence” that also utilize the “intermolecular 

electronic coupling” in order to promote excellent intersystem crossing efficiency as well as 

triplet state stabilization in a crystalline assembly.  

1.4.2.1.3. Stabilizing Triplet Excitons through Intermolecular 

Electronic Coupling 

1.4.2.1.3.1. H-aggregation Induced RTP  

So far, the discussion on the molecular design for efficient phosphorescence emission 

from metal-free organic chromophores has been primarily based on increasing spin-orbit 

coupling that ensure high triplet yield via fast ISC process and subsequently protecting  these 

triplet excitons from non-radiative quenching pathways in a rigid matrix. The extent of 

intersystem crossing has been mainly focused on using aromatic carbonyls and heavy-atom 

effect. In the following example we shall see another effective way of producing high triplet 

density using H-aggregation between the phosphor molecules.[17] This was first studied by Huang 

and co-workers in 2015, where they introduced a 4,6-diphenyl-2-carbazolyl-1,3,5-triazine 

(DPhCzT) derivative which show strong ground state H-aggregation feature in their crystal 

structure (the measured angle, θ, between the transition dipoles and interconnected axis was = 

80.91) (Figure 1.8a and 1.8b).[17a] They performed detailed time-dependent density functional 

theory calculations to show that number of effective intersystem crossing channels were starkly 

different between the monomer and H-dimers (Figure 1.8c). In case of monomer, only four 

nearest triplet excited states were available for effective ISC transitions from lowest singlet state 

(S1). On the other hand, in the H-dimer state, six such exciton transition channels were present 

and hence the ISC probability of the dimer was enhanced substantially.  

In addition, the author also hypothesized that the intrinsically high SOC strength 

provided by the n-π* transitions promoted by the “lone” pair of the nitrogen atoms in the molecule 

contributes in the singlet-triplet transition via intersystem crossing. They also proposed that the 

H-aggregates would generate many new “stabilized” triplet state (Tn*) which function as an 

energy trap and delocalize on several neighbouring molecules leading to ultralong lifetime of the 

phosphorescence. To validate their hypothesis, the extended their approach to a series of other 
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heterocyclic compounds containing N, O or P which were envisioned to promote similar n-π* 

transitions (Figure 1.8d). Moreover the planar structure of these molecules are also suitable for 

the parallel alignment and H-aggregation in the crystal. All these compounds were shown to 

exhibit ultralong phosphorescence (up to 1.35 s) with moderate quantum yield (~1.25 %). 

 

Figure 1.8. Proposed mechanism and molecular examples undergoing “H-aggregation” 

induced RTP. a) Crystal structure of DPhCzT showing H-aggregation. b) Simplified Jablonski 

diagram that shows the stabilization of triplet excitons (due to H-aggregation) leading to 

ultralong RTP. c) Schematic diagrams depicting the TD-DFT-calculated energy levels, 

isosurfaces and main orbital configurations of a DPhCzT monomer and its H-dimer at singlet 

(Sn) and triplet (Tn) states. d) Examples of other ambient afterglow RTP materials studied in this 

work showing excellent colour-tunability. (Reproduced from ref. 17a). 

1.4.2.1.3.2. Intermolecular Electronic Coupling between n-π* and π-π* 

States 

Bryce and co-workers, further extended the concept of intermolecular electronic 

coupling (IEC)[18] between two different excited state configurations (n-π* and π-π*) in a single 

molecular unit (Figure 1.9a-c). The molecular design is based on a highly twisted donor-acceptor 

structure that lead to such differential excited state configurations and their coupling is enhanced 

byan electrostatically driven intermolecular interaction in the closely-packed crystalline 

assembly (Figure 1.9c).[18a] The rigid crystalline assembly not only result in high triplet stability 

(both from oxygen and vibrational quenching), it also ensure enhanced number of potential ISC 

a) b)
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channels stemming from the so-called intermolecular coupling of these donor/acceptor units with 

partial orbital overlapping (Figure 1.9d and 1.9e). The authors also showed the mechanism work 

well for other n-units (sulphonyl) and same π-unit (carbazole). Detailed crystal structure analysis 

further provided molecular level information supporting their hypothesis as the distances between 

the carbazole plane and nearest carbonyl groups were very short (3.37 Å and 3.56 Å, from oxygen 

and carbon atom of the carbonyl group, respectively) (Figure 1.9d).  

In fact, it was suggested that the stacking modes allowed the intermolecular coupling 

(spatial overlap) between the n and π orbitals and this packing feature is responsible for the 

ultralong RTP. Interestingly, introduction of heavy-halogen atom (Br) was shown to improve the 

phosphorescence quantum efficiency to over 5 %.  

 

Figure 1.9. Energy level diagram of the relevant photophysical processes for the 

phosphorescence of organic molecules with a) n-π* excited state configuration (i.e. containing 

an n unit) and b) π-π* excited state configuration (i.e. containing a π unit). c) Proposed energy 

level diagram of the relevant photophysical processes for ultralong/afterglow phosphorescence 

of coupled intermolecular n and π units in organic crystals. kr = rate of phosphorescence. kST = 

rate of intersystem crossing. d) Intermolecular electronic coupling of the carbonyl and Cz 

groups in two Cz-BP molecules that are in close proximity in a single crystal. e) Energy level 

diagram of the isolated and coupled Cz-BP molecule(s). Schematic representations of the TD-

DFT calculated energy levels, main orbital configurations, and possible ISC channels 

of f) isolated Cz-BP and g) coupled Cz-BP at the singlet (S1) and triplet (Tn) states. H and L refer 

to HOMO and LUMO, respectively. The plain and dashed arrows refer to the major and minor 

ISC channels in (c) and (d). (Reproduced from ref. 18a). 

From all these examples one can understand the efficacy of crystal-engineering of certain 

type of organic molecules towards ambient phosphorescence emission. However, most of the 

reported crystalline systems suffer from the reproducibly and unpredictable emission behaviour 

upon subtle changes in the molecular structure. In addition, they are generally structurally 

complex and require multistep synthesis. Lastly, the most important factor that still remains a 

d)b) c)a) e)

f) g)
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formidable challenge to utilize crystalline phosphor materials for widespread practical 

applications, is their poor processability. In fact, in most of these classic examples outlined above, 

it has been pointed out that, the crystallinity of the samples must be high in order to maintain 

maximum efficiency which in turn, rely heavily on tedious crystallization processes. Therefore, 

amorphous-state and solution-processable RTP materials are next challenges in the field. It is to 

be noted that, solution-state ambient RTP is still rare in the literature for obvious collisional and 

vibrational quenching effects. Approaches to outline a universal strategy for solution state RTP 

would further make this exciting field of research more useful and find applications in bio-

imaging and optical sensing.  

1.4.2.2. Amorphous State Metal-free RTP 

As has been described in the previous section, the poor solution processable nature of the 

organic phosphorescent crystals needed alternative strategy towards widespread applications of 

these materials.[19] The approach so far has been based on increasing the SOC of the organic 

luminogens by introducing specific functional groups like aromatic carbonyl and dispersing them 

in rigid matrices. The rigid matrices can be either a glassy polymer (e. g. polyvinyl alcohol); or 

small molecule host like steroid (e. g. β-estradiol). 

Among these different hosts, polymers have been well-explored in the recent literature 

including the reports from our group (George group) which will be discussed in detail in the 

forthcoming Chapters. Nonetheless, most widely used polymer host has been polyvinyl alcohol 

(PVA) for this purpose. Multiple hydrogen-bonding units from the hydroxyl groups of PVA has 

been shown to effectively rigidify the small organic phosphors functionalized with carboxylic 

acid groups. One notable and seminal example is reported by Kim and co-workers, where they 

utilized bromoaldehyde core, functionalized with carboxylic acid side-chains (G1) (Figure 

1.10a). These carboxylic acid groups were shown to from strong hydrogen-bonding with the PVA 

chain by various control host polymers with differential hydroxyl group content. They also 

showed that previously studied Br6A molecules (without any carboxylic acid group, Figure 

1.10a) shows only feeble RTP when dispersed in PVA matrix, reiterating the efficacy of 

hydrogen-bonding interactions that result in reduced vibrational relaxations. In addition, they 

were also able to show unique halogen-bonding with the neighbouring phosphor molecules 

organized in the host PVA (by hydroxyl-carboxylic acid hydrogen-bonding) and achieved 

excellent phosphorescence quantum efficiency over 24 % in air (Figure 1.10b). The authors also 

showed that the strength of these hydrogen-bonds can be reversibly modulated by water 

molecules for a unique fluorescence-to-phosphorescence switching behaviour from these 

polymer hybrids (Figure 1.10c).  
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Figure 1.10. a) Chemical 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 (right). c) Reversible direct writing of a fluorescent watermark on a 

PVA film embedded with G1. The characters “UM” were written with a water-soaked pen. 

(Reproduced with permission from Reference 16d) 

Efficient RTP could also be achieved by doping organic phosphor molecules in rigid 

steroidal host like β-estradiol.[20] In Figure 1.11, it can be seen that a heavily deuterated 

polyaromatic hydrocarbon (guest) exhibiting excellent RTP with visible afterglow feature. The 

authors successfully showed that the non-radiative decay pathways depend both on the non-  

radiative deactivation (e. g. vibrational motion) of the guest phosphors as well as diffusional 

quenching of the host steroidal matrix. In fact, excellent rigidity and oxygen-barrier property of 

the steroidal host and heavy deuteration of the guest molecules could effectively suppress both 

these quenching pathways. The authors studied a series of these deuterated phosphors to achieve 

a)

b)

c)
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red-green and blue emitting ultralong/afterglow phosphors with good quantum efficiency (~10 

%) and lifetime over 1 second.  

 

Figure 1.11.  Design of a material based on a hydroxyl steroid host and a deuterated guest. 

(Reproduced with permission from Reference 20a)  

1.4.2.3. Organic RTP in Solution State 

Among all the reported RTP molecules till date, majority of the systems still rely on 

judicious crystal-engineering of small organic molecules in order to suppress the molecular 

motions. Also it has been proposed that rigid crystalline network is also effective to prevent 

oxygen diffusion in the matrix. On the other hand, amorphous state (e. g. doped polymer films) 

RTP emitters are extensively investigated for the past few years to circumvent the issues of 

crystal-state phosphorescence and has shown a tremendous growth in terms of efficiency and 

fundamental understanding. In this regard, solution state RTP from purely organic molecules still 

remains a daunting task and only a handful examples can be found in literature. For instance, 

Takeuchi and co-workers reported a brominated fluorene derivative, 7-bromo-9,9-

didodecylfluorene-2-carbaldehyde (Br-FL-CHO), which exhibit green RTP emission at 500 nm 

in argon-purged CHCl3 (Figure 1.12a-c).[21a] Swager and co-workers developed iodo-substituted 
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benzo[2,1,3]thiadiazoles that showed weak red-RTP in degassed toluene.[21b] Both these 

examples utilizes the strong ISC efficiency of the chromophores and lacked ambient triplet  

stability (Figure 1.12b).  On the other hand, a generalized strategy based on supramolecular host-

guest interactions was reported by Tian and co-workers to show unique reversible aqueous state 

RTP from a simple bromine-substituted isoqunoline (Figure 1.12d). The reduced vibrational and 

rotational motions of guest phosphor (IQC[5]) was shown to be minimized very efficiently inside 

cavity of the cucurbit[7]uril host. More recently, Huang and co-workers have developed 

afterglow phosphorescence emitting organic nanoparticles for in-vivo bio-imaging applications 

(vide infra).[21d] Nonetheless, there are only a handful of such examples and all of them require 

stringent oxygen-free conditions to produce feeble RTP emission.[21] Needless to mention, 

solution state RTP holds a great promise for future development of state-of-the-art optical sensor 

(e. g. in vivo oxygen sensing) and background-free bio-imaging and hence require more focused 

approach. In this context, we have developed a unique organic-inorganic hybrid supramolecular 

assembly to show a universal strategy towards solution state RTP under fully ambient conditions. 

The design and photophysical properties of the system will be discussed in detail in Chapter 4. 

 

Figure 1.12. a) Molecular structure of Br-FL-CHO and its b) UV-Vis and emission spectra in 

CHCl3. Red line corresponds to the aerated solution whereas the blue line is Argon-purged 

resulting in RTP at 500 nm). c) Photographs of Br-FL-CHO dissolved in CHCl3 while excited at 

365 nm. d) Example of a supramolecular RTP system where reversible inclusion phenomenon of 

the binary IQC[5]/CB[7] complex is shown. (Figure 1.12.a-c and 1.12d are reproduced with 

permission from References 21a and 21c, respectively). 

 

In this Thesis we majorly focus on understanding RTP mechanism and systematically 

underpin the design principles of these materials in crystalline state, amorphous state and even in 

aqueous state with minimum synthetic efforts and excellent efficiencies. 

a)

b)

c) d)
Ar O2
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1.5. Applications of Organic Phosphors 

1.5.1. Organic Light Emitting Diodes (OLEDs) 

  

Figure 1.13.  Schematic representation of spin-management in organic electroluminescent 

devices. (Reproduced with permission from Reference 22) 

The most pre-eminent application of phosphorescent materials is in the field of organic 

light emitting diodes (OLEDs). It has been a paradigm shift in the electroluminescence 

technology since the advent of organometallic phosphorescent molecules as emitting layer in 

organic light-emitting diodes in late 1990s.[9] The inherent degeneracy of triplets naturally takes 

a precedence over singlets in terms of exciton managements in these devices. As can be seen 

from Figure 1.13, the singlet and triplet excitons are formed in a  1:3 ratio (singlet: triplet) in 

OLEDs.[22] For phosphorescence materials, one can achieve 100 % internal quantum efficiency 

(IQE) as all of the electrically generated excitons can emit as phosphorescence (all singlets goes 

to triplet state via ISC). On the other hand, purely organic fluorescent molecules suffer from non- 

radiative triplet deactivation and 75 % of the electrically generate excitons are wasted as heat, 

leading to maximum 25 % IQE in fluorescent OLEDs. Therefore, organometallic phosphorescent 

materials has been shown experimentally to be roughly 3 to 4 times higher in overall device 

efficiency and they were able to outperform the fluorescence based OLEDs for potential 

commercial applications. Since the first report of a Pt-porphyrin based phosphorescence 

commercial applications. Since the first report of a Pt-porphyrin based phosphorescence OLED  
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 (PhOLED),[9a] the field has matured and gained popularity in the state-of-the art solid state 

lighting technologies. In fact, they are already commercialized in many widely-used display 

screens (e. g. television or cellphone etc.). Examples of some of these commercial products using 

organometallic phosphorescent OLEDs are given in Figure 1.14. 

 Figure 1.14. Applications of OLED devices in state-of-the-art lighting technology.  a) 

Comparison of device structures between LCD (LED) and an OLED taking an example of 

modern television screens.[23] b) LG’s 55-inch Full-HD OLED TV,[24] c) Hella’s car rear-light 

OLED-module equipped in Audi A8,[25] d) Apple’s new iPhone XS and iPhone XS Max cellphones 

manufactured with OLED screen.[26] e) LG’s 18-inch flexible transparent display.[27] 

a)

b) c)

d) e)

https://www.oled-info.com/apple-iphone-xs
https://www.oled-info.com/apple-iphone-xs
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The popularity and growing acceptance of phosphorescent OLEDs over traditional 

inorganic ceramic based (e. g. GaN) LEDs or liquid crystal displays (LCDs) is because of its 

versatility in design and easy low-temperature fabrication. In addition, most widely used LCD 

displays needs highly energy consuming backlighting panel (made of inorganic LEDs) and 

therefore can never produce high-contrast (true black) images. As can be seen from Figure 1.14a, 

the device structure of these inorganic LED (LCD) devices is very complicated and difficult to 

miniaturize. On the other hand, phosphorescent OLEDs are simple in terms of device structure 

(Figure 1.14a and 1.15a) thus offering flexibility in device engineering and they are already being 

marketed as thin/flexible displays which is both aesthetic and energy-efficient. These devices do 

not require any backlighting and individual pixels can be illuminated upon electrical injection. 

This property ensures energy-efficiency and high-contrast display in an OLED. Figure 1.15a 

represents a simplified device structure of one such pixel. Such versatility and excellent device 

efficiencies have made phosphorescent OLEDs to become the frontrunner in the modern display 

technologies although they still suffer from suboptimal fabrication costs and device lifetimes. So 

far, most of the industrial and academic research on these OLEDs focused on investigating 

organometallic complexes (mostly Iridium) as the emissive component in the device. This in turn, 

require managing the cost-effectiveness, stability issues especially in the blue and UV region. 

Moreover, these materials are still thermally evaporated under vacuum during the device 

fabrication which further increases the overall cost. In addition, the purity of organometallic 

complexes has been an issue for a long time as trace amount of metal impurity often lead to the 

shortening of the device lifetime and this particular problem probably can never be solved. In 

addition, only a few metals (e. g. Ir) have shown promise in high-efficient phosphorescent 

OLEDs when chelated with suitable aromatic ligands (Figure 1.15b) and hence there is always a 

deficiency in material (suitable metal-ligand combination) availability to study these systems 

comprehensively. 

Figure 1.15. a) Simplified device architecture of an OLED device (one pixel).[28] b) Examples of 

commercially available Ir-complexes used in phosphorescent OLEDs as emitting layer.[29] 

a) b)



Ambient Triplet Harvesting: Design Principles and Applications 

 
 

 
 

 
     25 

 

  

  

 

Figure 1.16. a) Schematic representation of an OLED based on metal-free organic phosphor. b) 

Molecular structure of the emitting layer and c) OLED device structure showing energy levels 

(in eV). d) Photographs of electroluminescence during (left) and after (right) electrical 

excitation. e) Fluorescence (black) and phosphorescence (red) spectra of a doped CzSte film, 

and electroluminescence spectra obtained for an OLED with CzSte as a host and DMFLTPD-

d36 as dopant at different times during (blue) and after (green) electrical excitation. f) Transient 

electroluminescence decay curve of the device after the applied voltage was turned-off. g) EQE-

current density characteristics of the OLED. (Reproduced with permission from Reference 30). 

a) b)

c) d)

e)

f)

g)
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Therefore, purely organic molecules offer more flexible, low-cost alternative and they 

can also solve the problem of impurity as well as the scalability of the lead molecules. In fact, 

very recently, device prototype of “metal-free” phosphorescent OLEDs has been reported in 

literature although more optimizations will be required to attain the efficiency levels of 

organometallic phosphors (Figure 1.16).[30] The main reason behind the poor performance of 

metal-free phosphorescence emitters as OLED materials stems from their typical high lifetime 

and low photoluminescence quantum efficiency. The first factor is especially detrimental because 

longer lifetime increases various non-radiative channels like triplet-triplet annihilation, triplet-

singlet annihilation etc. and ultimately reducing the chance of phosphorescence decay. 

Nonetheless, it is very important to mention at this juncture, that thermally activated delayed 

fluorescence (TADF) emitters have emerged as a true competition to the organometallic 

phosphors and is expected to reach markets in another couple of years. We shall be discussing 

the exciton management of these novel TADF-emitting molecules in the next section and give a 

comprehensive overview of the current status and future challenges related to the design on the 

context of emission mechanism. 

1.5.2. Optical Sensing and Bio-imaging 

 

Figure 1.17.  Principle of time-gated photoluminescence imaging. (Reproduced with permission 

from Reference 31a) 

  The spin-forbidden nature of phosphorescence emission renders in the huge difference 

in their radiative lifetime as compared to the fluorescence emission. This differential or broad 

lifetime range has been utilized as advanced optical sensing or bio-imaging applications. The 

interesting feature of such molecular probe utilize the advantage of measurements on a delayed-

time scale, after the excitation source is turned off (Figure 1.17). Such unique lifetime feature has 

been well-exploited in bio-imaging applications where the problems of short-lived 

Time-gated luminescence Imaging (TGLM)
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autofluorescence of the cells can be easily countered by the long-lived emission of phosphor 

luminogens. In fact, the long-lived phosphorescence signals can be deconvoluted to images 

directly from the lifetime and hence a temporal evolution of the dynamic sensor-analyte 

interactions can be imaged in real time. Although majority of these molecular probes are still 

based on inorganic or organometallic phosphors, recent advancement in metal-free afterglow 

phosphor materials have shown remarkable potential to outperform the toxic metal based 

probes.[31]  

 

Figure 1.18. Example of in vivo afterglow bio-imaging. a) Molecular structures of the organic 

phosphors, their emission mechanism and schematic representation of nanoparticle synthesis in 

presence of the host polymer PEG-b-PPG-b-PEG both by top-down and bottom-up 

methodologies. b) Schematic illustration of ultraviolet activation and visible detection of 

ultralong phosphorescence in solution state. Nanoparticles synthesized by bottom-up 

methodology (OSN1-B) show relatively poor performance. c) Ultralong phosphorescence and 

fluorescence imaging of lymph node with very high signal to noise ratio in living mice 1 h after 

the intradermal injection of OSN1-T nanoparticles into the forepaw of mice. (Reproduced with 

permission from Reference 21d). 

a)

b)

c)
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  For instance, in 2017, Pu and co-workers have demonstrated the proof-of-concept 

application of a time-gated bio-imaging utilizing a metal-free afterglow phosphor as the 

probe.[21d] They synthesized phosphor-encapsulated polymer nanoparticles by a top-down 

formulation and used the resulting afterglow nanoparticles for in vivo afterglow imaging in a 

living mice (Figure 1.18). The emission signal could be detected, seconds after the removal of 

incident light source with a remarkably high resolution (with signal to noise ratio of 40) by 

eliminating the tissue autofluorescence. This study clearly show the efficacy of afterglow 

phosphor materials as future biological probes and further modification in the molecular design 

will be very interesting to realize red/NIR afterglow emission for better penetration length and 

deep-imaging of live tissues. 

 

Figure 1.19. In vivo oxygen mapping for hypoxia imaging using phosphorescent boron 

nanoparticles (BNPs). a) Molecular structure of the phosphorescent polymer. In vivo imaging of 

the breast cancer 4 T1 mammary carcinoma tumour region in a mouse window chamber model 

showing the b) bright-field and BNP fluorescence/phosphorescence ratio while breathing c) 

carbogen-95 % O2, d) room air-21 % O2  and e) nitrogen-0% O2. Dark lines in the bright-field 

image represent the blood vessels that run vertically quenching has been utilized to develop 

highly sophisticated optical-sensing materials such as in; More oxygenated yellow-red regions in 

the fluorescence/phosphorescence images undergo a detectable change in different oxygen 

concentration, whereas, the hypoxic tumour tissues (to the right side of the blood vessels, blue 

region) remain unchanged because of the low concentration of oxygen leading to low 

phosphorescence/fluorescence ratio. (Reproduced with permission from Reference 32). 

Blue Region : Hypoxic (pO2 

< 1 %) tumor tissue

Red/yellow Region : Healthy

microvascular tissue

a)

b) c)

d) e)
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Another important aspect of phosphorescent materials is their sensitivity towards 

molecular oxygen and temperature (heat). In fact, this apparent disadvantage of oxygen mediated 

vivo oxygen mapping and developing “oxygen-sensitive” programmable luminescent tags. 

Fraser and co-workers demonstrated the use of polymeric phosphorescent nanoparticles 

to do an in vivo tissue oxygen mapping (Figure 1.19).[32] In this work the authors successfully 

mapped a hypoxic tumour cells which consumes the oxygen in high concentration, leaving 

thepartial oxygen pressure below 1 % in the tissue. Utilizing the dual fluorescence and 

phosphorescence characteristics of their boron nanoparticles (P2 BF2dbm(I)PLA) they mapped 

the hypoxic region (blue) and the normal (healthy) microvascular region (red/yellow) by varying 

the oxygen concentration in a living mouse (inhalation of gases with different oxygen 

concentration). In Figure 1.19c-e, the fluorescence intensity is a reference signal for the 

measurement of the relative intensity of phosphorescence. In this way, qualitative determination 

of the oxygen concentration in a particular region was done. 

 

Figure 1.20. Programmable luminescent tags using amorphous state organic afterglow 

phosphorescence. a) Molecular structure of the phosphor and b) device structure of the system 

utilized for programmable labelling experiments. Overview of writing, reading and erasing 

procedure. c) Writing: Masked UV illumination used for the images in (g) and proposed straight 

laser ray writing. d) Different spectral domains used for different cycle steps. Data writing is 

realized with a 365-nm LED, the biluminescent NPB molecule emits at 420 nm (fluorescence) 

and 530 nm (phosphorescence). IR light peaking at 4m is used for erasing by inducing local 

heating. e) Reading: High luminescent contrast is achieved by phosphorescence on mask-

illuminated areas in delayed emission. f) Erasing: By heating the sample through IR illumination, 

the programming is erased within around 1 min. g) Different phosphorescent images written 

successively onto the same transparent substrate. The time span between the afterglow images is 

about 5 min. (Reproduced with permission from Reference 33). 

a)

b)

c) d)

e) f)

g)
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Very recently, Reineke and co-workers have developed unique “programmable 

luminescent tags” by utilizing the reversible afterglow phosphorescence emission highly 

sensitive to oxygen. In this work, the authors have used a commonly used hole-transporting 

molecule, N,N′-Bis(naphthalen-1-yl)-N,N′-bis(phenyl)benzidine or NPB and dispersed in 

polymethylmethacrylate.[33] This hybrid polymer layer was then coated with an O2-barrier layer 

(ethylene-vinyl alcohol copolymer). By IR-irradiation the sample temperature rises to ~100 C 

and it causes an additional oxygen refilling due to the increased permeability of the top O2-barrier 

layer leading to the termination of phosphorescence emission. Upon cooling down the sample to 

room temperature the afterglow RTP could be restored. In this way the authors could show 40 

cycles of such reversible phosphorescence writing-erasing with a detectable intensity (Figure 

1.20). This work describes a simple, but very powerful protocol for a state-of-the-art 

luminescence labelling technology using amorphous-state organic afterglow phosphorescence.   

1.6. Ambient Triplet Harvesting via Thermally Activated Delayed 

Fluorescence (TADF) 

In this section, we will discuss the TADF mechanism which has been shown to be highly 

promising as an alternative to organometallic phosphors to obtain high-performance OLEDs with 

similar efficiency. As mentioned earlier in Section 1.5.1, triplet exciton harvesting will ensure at 

least three time more internal quantum efficiency as compared to singlet emitting fluorescent 

materials (spin-statistics). The first breakthrough in the harvesting triplet excitons in an OLED 

device was achieved by Forrest and co-workers in 1998 using a “heavy” Pt-based porphyrin 

complex.[9a] Extremely fast intersystem crossing from singlet excited state to “emissive” triplet 

states could be achieved by strong SOC provided by the heavy Pt-atom, for both S1→T1 (ISC) 

and T1→S0 (phosphorescence). This in turn, resulted in a 100 % IQE (Figure 1.21a). As we have 

already discussed about these organometallic phosphors in their of design and their emission 

mechanism, we shall now discuss the “alternative” pathway to achieve similar triplet exciton 

harvesting (management) en route to 100 % IQE in a metal-free system. The only difference here 

is that, the triplets are harvested somewhat “indirectly” to emit from a “singlet” excited state as 

“delayed fluorescence”. The delayed fluorescence mechanism[34] can be classified mainly into 

three categories which are described below:  

1.6.1. Triplet-triplet Annihilation Delayed Fluorescence (TTA-DF) 

In this mechanism, two triplet excitons upon bimolecular collision with each other result 

in a high energy singlet exciton.[35] The necessary excited state energy requirement for this 

process to occur, is given as: 2T1 S1. This means, one has to maintain a very large energy gap 
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between the lowest singlet and triplet excited states, so that the 2T1 energy is slightly above the 

S1 energy (Figure 1.21b). This necessary energy requirement is not very easy to achieve and most 

of the TTA-DF emitters are therefore based on anthracene and related derivatives and hence the 

molecular design is limited. In addition, these materials cannot fully achieve a 100 % internal 

quantum efficiency, since, two triplet excitons are consumed in order to produce one singlet. 

Therefore, maximum IQE utilizing this process is (25 % + 0.5  75% = 62.5 %).  

 

Figure 1.21. Mechanism of various triplet harvesting processes in OLED devices. a) 

Phosphorescence, b) Triplet–triplet annihilation delayed fluorescence (TTA-DF), c) delayed 

fluorescence in a hybridized local and charge-transfer (HLCT) excited state structure and d) 

thermally activated delayed fluorescence (TADF). F = Fluorescence, P = Phosphorescence, IC 

= Internal Conversion, ISC = Intersystem crossing, RISC = Reverse Intersystem Crossing, VR = 

Vibrational Relaxation, NR = Non-radiative relaxation and ΔEST represents the singlet-triplet 

energy gap. (Reproduced with permission from Reference 34d) 

1.6.2. Upper Triplet Crossing 

Another approach to upconvert the “non-emissive” triplet states to “emissive” singlet 

state is upper triplet crossing, this process is also known as a “hot exciton” delayed 

fluorescence.[36] Here, the RISC takes place between higher excited triplet state (Tn, n>1) and 

singlet states (Sn, n>1) followed by a rapid internal conversion to lowest S1 state and subsequent 

DF emission. The mechanism require two closely-lying high energy charge-transfer states 

(Figure 1.21c) that take part in reverse intersystem crossing and then quickly relax back to locally 

excited singlet state (S1). Since, the whole process require a sequential involvement of both high 

energy CT excitons (hot excitons) and locally excited (cold excitons), they are synonymously 

called hybridized locally-excited charge transfer (HLCT) delayed fluorescence emitters. 

a) b) c) d)
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Designing these chromophores is very challenging, because it requires a complete blockade of 

Tn (CT) →T1 (LE) internal conversion (violation of Kasha’s rule). This is very difficult as the 

internal conversion is an very fast, spin-allowed, thermodynamically favourable process, in 

comparison to the very slow, spin-forbidden and energetically uphill RISC process. Only a few 

examples are available in the literature which successfully demonstrate this process and hence 

this field did not get much attention despite the possibility of achieving 100 % IQE in the OLEDs.  

1.6.3. Thermally Activated Delayed Fluorescence (TADF) 

TADF emitters have emerged as the most efficient way of harvesting triplet excitons in 

metal-free organic compounds which utilizes a RISC process between very close-lying T1 and S1 

states. When the gap between S1 and T1 state is very low (few tens of meV), the thermal activation 

can facilitate this RISC process and generate delayed fluorescence (S1→S0) to intensify the 

overall luminescence of the molecule. Although, the concept of TADF phenomenon was given 

long back in the pioneering works of Perrin[37] and later by Lewis/Kasha,[11] its systematic 

investigation as well as practical applications have been done only during the last decade, by 

Adachi and co-workers.[38] In fact, Adachi’s lab first demonstrated that 100 % IQE could be 

achieved by very simple metal-free compounds in an OLED device. This landmark work[38a] has 

been extended over the next few years to achieve equal efficiency of state-of-the-art PhOLEDs 

and expected to hit the market for commercial display in coming years.  

The key photophysical processes in TADF include a fast prompt fluorescence (PF) and 

longer-lived delayed fluorescence (DF) component and they are distinguished by their 

differential lifetimes at the same monitoring wavelength (PF and DF usually have same spectral 

distribution except for few cases). In Figure 1.22, the key excited state processes are shown under 

optical as well as electrical excitation modes.  

When a TADF molecule is excited optically (Figure 1.22a), through intersystem crossing 

process, triplet excited state (T1) is populated from initially formed excited singlets (S1). 

Following this, the triplet excitons up convert to the S1 state and finally fluoresce at a longer time-

scale (usually few µs to ms) as compared to the prompt fluorescence with typical lifetimes of few 

ns. In this Thesis, we shall be dealing with the optically excited TADF processes (Chapters 5 and 

6). 

On the other hand, under electrical excitation (e. g. OLEDs), the mechanism is slightly 

different. The whole process is divided in four steps (Figure 1.22b). First, as per the spin-statistics 

(electron-hole recombination), 75 % triplets and 25 % singlets are formed. Then, these high 

energy excitons quickly relax to lowest excited S1 and T1 states (similar to a photoexcited process 
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that follow Kasha’s Rule) via a rapid vibrational relaxation and internal conversion. Following 

this, the lowest excited T1 state upconverts to S1 state by thermal activation at the experimental 

temperature via RISC process. At the end, singlet excited states populated by these “extra” triplet 

excitons emit as delayed fluorescence (Point to note: Initially formed S1 excitons emit quickly as 

prompt fluorescence in the first few nanoseconds of the electrical excitation). The PF and DF 

emission identified by their starkly different lifetimes as we have discussed in the previous 

section. 

 

Figure 1.22. a) Photoluminescence and b) electroluminescence processes in TADF molecules. 

𝑘𝑟
𝑆 and kDF are the rate constants of PF and DF processes, respectively; kISC and kRISC are the 

rate constants for the ISC and RISC rate constants, respectively; 𝑘𝑛𝑟
𝑆  and 𝑘𝑛𝑟

𝑇  are the non-

radiative decay constants of  S1 and T1 respectively; ΦPF, ΦDF, ΦRISC, and ΦISC represent the 

prompt fluorescence efficiency, TADF efficiency, reverse intersystem crossing efficiency and 

intersystem crossing efficiency, respectively. (Reproduced with permission from Reference 34d). 

 Here it must be pointed out that, T1 is always lower in energy than the S1 state (Hund’s 

rule of spin multiplicity). Hence, there is always a competitive ISC process which further 

regenerate the triplet state even after the first cycle of RISC is over. In fact, it has been seen, the 

a)

b)
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ISC rate is generally faster than the rate of RISC. Therefore, there is a balance of S1 and T1 exciton 

distribution in such TADF molecules and T1 will have more population as it stays energetically 

lower. This in turn indicates that, in order to harvest “all” triplet excitons, the key parameter is 

maximization of the rate or extent of reverse intersystem crossing process. It has been shown 

that, to achieve a quantitative RISC to take place the optimum energy gap between the S1 and T1 

sates has to be below ~100 meV at room temperature.[34] The design strategy to achieve such 

energy gap is the fundamental in any TADF molecule and in the next section we shall be 

describing it in more detail. 

1.6.3.1. Basic Rules for Designing the TADF molecules 

In the previous section we have seen that the rate of reverse intersystem crossing from 

T1→S1 state determine the efficiency of the TADF mechanism. The rate of RISC (kRISC) is given 

in equation 1.3. 

𝑘𝑅𝐼𝑆𝐶  ∝  𝑒𝑥𝑝 (−
∆𝐸𝑆𝑇

𝑘𝐵𝑇
)                                                                                                            (1.3) 

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

lowest excited singlet and triplet states. Therefore, it is very clear that, to enhance the rate of 

RISC, the energy gap, ΔEST must be as low as possible (ideally few tens of meV). There are few 

different aspects which must be discussed to understand how one can effectively minimise this 

gap. First, by calculating the lowest excited singlet and triplet state (S1 and T1) energies which 

depends on three factors and expressed in equations 1.4-1.6: 

a. The energy gap between the HOMO and LUMO orbitals (See Figure 1.1, each electron 

is residing in HOMO and LUMO orbitals of S1 and T1 levels); 

b. The electron repulsion energy (K) (This is a first order Coulombic correction); 

c. The exchange energy (J) (This is a first order quantum mechanical correction due to 

electron-electron repulsion following the Pauli’s Exclusion Principle). 

ES1 = EHOMO-LUMO + K + J                                                                           (1.4) 

ET1 = EHOMO-LUMO + K – J       (1.5) 

ΔEST = ES1- ET1 = 2J        (1.6) 

For S1 and T1 states with a fixed nuclear configuration, the EHOMO-LUMO, K and J, all contribute 

equally. However, because of the different spin arrangement in T1 state, the exchange energy 

term (J) increases the overall energy of the S1 state, while decreasing the energy of the T1 state 

by similar extent. Therefore, despite the positive values of both J and K terms (both stems from 

electron-electron repulsion), there is a negative sign in equation 1.5. Further, from equation 1.6,  
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Figure 1.23. Schematic representation of the small a) and large b) overlap between HOMO and 

LUMO orbitals leading to small and large ΔEST, respectively. c) Molecular example of a typical 

donor-acceptor (D-A) type TADF molecule (4CzIPN) along with their spatially separated 

frontier molecular orbital isosurfaces. d) Schematic presentation of some of the representative 

intramolecular D-A type TADF molecules. (Figure 1.23a, b and d reproduced with permission 

from Reference 34d; Figure 1.23c reproduced with permission from Reference 38a). 

we see that the energy gap between the lowest singlet and triplet excited states (ΔEST) is twice 

the exchange energy term (2J). Hence, in order to reduce this ΔEST value, one has to reduce the 

exchange energy between the electrons residing in HOMO and LUMO orbitals. From quantum 

mechanical standpoint of exchange energy, it is mathematically expresses as: 

J = ∬ 𝜙 (𝑟1)𝜓 (𝑟2) (
𝑒2

𝑟1−𝑟2
) 𝜙 (𝑟1)𝜓 (𝑟2)𝑑𝑟1𝑑𝑟2                                                                    (1.7) 

a)

b)

d)

4CzIPN

HOMO

LUMO

c)

Small ΔEST

Large ΔEST
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Here, 𝜙 and 𝜓 represent the HOMO and LUMO wavefunctions, respectively and e is 

electrons charge. It is assumed that the excited states under discussion (i. e. S1 and T1 states) are 

pure HOMO→LUMO transitions. In the other cases (i. e. if the S1 and T1 state are combination 

of other transitions such as HOMO→LUMO, HOMO1→LUMO, HOMO→LUMO+1 for 

instance), 𝜙 and 𝜓 are replaced with the many-body electronic wavefunctions for the singlet and 

triplet states, respectively.[39] 

 Therefore, J can be minimised by reducing the spatial overlap between the HOMO and 

LUMO orbitals. This is achieved by designing molecules with donor-acceptor subunits that 

facilitate (donor→acceptor) electron transfer in the excited state leading to strong charge-transfer 

characteristics in the molecule (Figure 1.23). TADF molecules are typically donor-acceptor 

molecules where the subunits are covalently linked by aromatic bridges, spiro-junction or a 

simple sp3 hybridized carbon (e. g. –CH2 or -CF2) to further reduce the spatial overlap because 

of a near orthogonal conformation of the donor/acceptor subunits. However, it is noteworthy to 

mention, a ~90 relative orientation of donor-acceptor units would completely decrease the 

oscillator strength ( is proportional to J) of emission. Therefore, it is always a counterproductive 

situation while designing a TADF material with low ΔEST and simultaneous high oscillator 

strength of emission. 

We shall see in this Thesis work that, there are several other factors both in terms of 

conformational aspect as well as relative energy levels, which also play rather pivotal role for 

efficient TADF emission as compared to simple minimization of ΔEST. In Chapters 5 and 6, we 

shall be discussing these aspects in a comprehensive manner, considering the ongoing discussion 

sets the basic criteria of TADF design from a purely theoretical chemistry standpoint. 

1.6.3.2. Application of TADF materials 

It has been well-established that TADF-emitting materials are on their way to replace the 

existing fluorescent (e. g. polymer LEDs) and phosphorescent OLEDs because of their cost- 

effective, environment-friendly and very high external quantum efficiency (EQE already reached 

over 36 %). Interestingly, such a high EQE can be regularly obtained in a simple OLED 

structures, without the need of special wave-guiding layers that improves the light outcoupling 

effects. Since the pioneering work of Adachi and co-workers in 2012,[38a] these small molecule 

TADF systems have been exploited to achieve all colour electroluminescence with excellent  

efficiency (Figure 1.24). Most notably, TADF emitters have already shown promise in replacing 

less-efficient blue fluorescent emitters which are used for blue as well as white-emitting OLEDs, 

commercially. In fact, despite a rigorous investigation to develop “stable” blue emission using 
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Figure 1.24. Representative examples of intramolecular D-A type TADF chromophores used in 

OLED devices. (Reproduced with permission from Reference 40). 

the organometallic phosphors for over 20 years, there is no clear answer or roadmap for achieving 

this critical feat. More information about this topic can be found in reference 41. Nonetheless, 

there are few challenges which still need to be solved in order to get TADF more attractive than 

the other existing solid state lighting technologies. One of these issues is that the TADF systems 

suffer from is their complicated emission mechanism. Mechanism of TADF is still highly 

debated, especially on the involvement of locally excited triplet states in the RISC process. More 

insights into RISC process would plausibly overcome the problem of slow rate of charge-transfer 

emission (usually in the order of ~104 to 106 s-1) which has been shown to increase the efficiency 

roll-off at high brightness in an OLED device. Secondly, the inherent broad emission 

characteristics of TADF charge-transfer emission is not desirable for colour-pure pixels in a 

device. To counter this problem, Adachi and co-workers have developed a unique 

“hyperfluorescence” methodology (Figure 1.25). In this process, Förster Resonance Energy 

Transfer (FRET) from charge-transfer TADF emitters to highly emitting fluorescence dopants is 

done in an OLED device which simultaneously improves the device colour-purity as well as 

operational lifetime. Very recently, WiseChip Semiconductor Inc. (in collaboration with Kyulux 

Inc.) has announced world's first Hyperfluorescence OLED display. This is a 2.7" monochrome 

yellow 128  64 passive-matrix OLED which shows high brightness (220 nits) and remarkably 

high operational lifetime of 50,000 hours.[43] 

p-Px2BBP

m-Px2BBP

Cz2BP

CC2BP

Px2BP

m-Px2BBP+

CC2BP
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Figure 1.25. Principle and applications of Hyperfluorescent OLEDs (HF-OLEDs). a) A 

schematic representation of different emission mechanisms and their typical bandwidths.[42] b) 

Mechanism of Hyperfluorescence involving a FRET from TADF donors to fluorescent acceptors. 

c) Device prototype of a blue-emitting HF-OLED manufactured by Kyulux Inc.[42] d) Example of 

typical TADF (donor)-fluorescence emitter (acceptor) pairs used in HF-OLEDs. e) Commercial 

device prototype of HF-OLEDs that show very high operational lifetime (>50,000 hours) 

developed jointly by WiseChip Semiconductor Inc. and Kyulux Inc. in 2019.[43] (Figure 1.25b and 

1.25d reproduced with permission from Reference 38e). 

1.7. Conclusions and Outlook 

In conclusion, harvesting the triplet excitons under ambient conditions is proven to be 

the key criteria for maximizing the device efficiency of organic electroluminescent devices. In 

addition, the spin-forbidden transitions from the triplet states dramatically reduces the emission 

lifetime as compared to fluorescence, which in turn, offer various applications in other areas such 

as in vivo bio-imaging, oxygen mapping and data encryption-decryption technologies. The triplet 

excitons can be harvested as room temperature phosphorescence and the following conditions 

must be satisfied in order to obtain high quantum efficiency:  (a) Strong spin-orbit coupling to 

overcome the quantum-mechanically forbidden intersystem crossing transition between the 

singlet and triplet states and, secondly, (b) efficient suppression of vibrational/rotational motions 

of the phosphor molecules (in crystalline state) and the host matrix (amorphous films). Certain 

functional groups such as aromatic carbonyls (or other hetero-aromatic compounds with lone pair 

of electrons) assisted by “heavy” halogen atoms (e. g. Br or I) are shown to be the most promising 

candidates for achieving high ambient RTP efficiency. It is noteworthy to mention that, despite 

these basic understandings and some critical breakthroughs made in recent years, there is still no 

PZX-TRZ
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PZX-TRZ DBP

TBRb
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straightforward way of designing new efficient phosphors. Especially, most of the reported 

phosphors lack large substrate scope and therefore developing new methodologies for new and 

colour-tunable emitters is need of the hour. In addition, most of the organic phosphors still rely 

heavily on tedious crystal engineering of the chromophores and lack solution processability. In 

this Thesis, we specially focussed on these issues that is limiting the mass production of these 

materials for many unique applications and developed new universal strategies to address the 

same. 

On the other hand, in order to obtain efficient TADF emission one needs to minimize the 

lowest excited singlet and triplet energy gap which is achieved by designing donor-acceptor (D-

A) type charge-transfer emitters. In this case also the spin-orbit coupling is extremely important, 

however, more detailed investigations has to be done in order to fully understand the extent of it. 

Nonetheless, in past few years, TADF emitters have emerged as a viable alternative to expensive 

and environmentally toxic organometallic phosphorescent emitters. However, there are still some 

problems which must be dealt with in order to accelerate the process of commercialization. For 

example, there is still lack of new materials which emit efficiently in blue and red-region of the 

emission spectrum. It is particularly difficult to obtain pure blue because of the broad charge-

transfer nature of TADF emission. On the other hand, because of the energy gap law designing 

red-emitters also difficult considering the fact that charge-transfer transitions are relatively slow 

and will have to compete with non-radiative internal conversion.  In addition, the theory of 

thermally activated delayed fluorescence is not fully understood yet, especially the role of locally 

excited states in the ISC/RISC process, although there are growing number of examples that 

ascertains the involvement of these energy states. Therefore, more experimental evidence is 

required along with designing new materials that would help in understanding the mechanism 

more comprehensively. 
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Chapter 2 

Ambient Room Temperature Phosphorescence in Heavy-

atom Substituted Crystalline Carbazole Derivatives with 

Simple Molecular Design* 

 

Abstract 

Development of RTP material from easily available organic molecules is a challenging 

task. In this chapter, we showed a simple heavy-atom substitution strategy to develop colour-

tunable (greenish-yellow to deep-red) RTP from commercially available Carbazole derivatives. 

Carbazole has been known to show weak RTP for decades, although a systematic investigation 

to improve the RTP quantum efficiency (ΦP) has not been done so far. In this work, with detailed 

theoretical and single crystal structure analysis we elucidated the importance of intra- and 

intermolecular heavy-atom interactions that lead to highly efficient red-emitting RTP (ΦP =15.4 

%) under fully ambient conditions. 

 

 

 

 

 

 

 

*Manuscript based on this work is under revision. 
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2.1. Introduction 

Metal-free small organic molecules exhibiting room temperature phosphorescence 

(RTP) has attracted great attention in recent years because of their potential applications in bio-

imaging, organic light-emitting diodes (OLEDs) and optical sensing.[1] Molecular design of 

purely organic room temperature phosphors often require heavy-atoms (such as Br or I) and non-

bonding lone pair containing heteroatoms (nitrogen, oxygen, sulphur or phosphorous),  which are 

capable of inducing efficient spin-orbit coupling (SOC) between excited n-π* and π-π* states 

(El-Sayed’s rule).[2-3] Further, ambient triplet harvesting also requires restricted molecular motion 

of the phosphors to minimize the vibrational dissipation of triplet states and hence efficient RTP 

is often observed in crystalline networks of phosphors or while they are embedded in rigid 

amorphous host matrices.[4-8] Nevertheless, majority of RTP emitters with appreciable 

photoluminescence efficiency also requires effective intermolecular interactions via H-

aggregation[6], halogen bonding[7], carbonyl- π interactions[8] etc. in order to amplify the SOC 

strength and intersystem crossing (ISC) efficiency in conjunction with enhanced molecular 

rigidity. However, most ambient organic phosphors have complex molecular designs which 

require multi-step synthesis and also have only limited substrate scope due to unpredictable In 

this respect small hetero-aromatic molecules such as, carbazole would be of great interest with 

the possibility of a structure-property investigation by synthetically artless systematic 

functionalization with heavy-atoms. It is worthwhile to mention that, carbazole (Cz) was one of 

the model molecular system for the seminal work on organic triplet excitons, by Lewis and 

Kasha.[9] Carbazole substructure has been recently explored as the donor component in the 

charge-transfer molecular designs for thermally activated delayed fluorescence (TADF) for the 

harvesting of triplets via reverse ISC process.[10a] However, surprisingly despite having good 

triplet yields, carbazole or its substituted derivatives are not yet investigated in detail for the 

ambient triplet harvesting and RTP.[10] In this chapter, we have performed a structure-property 

study of simple carbazole derivatives (BrCz, Br2Cz, Br3Cz and Br4Cz) by a systematic 

variation of core-substitution with heavy atoms to realize greenish-yellow and red emissive 

ambient RTP phosphors in crystalline state with high efficiency (Figure 2.1). Comprehensive 

spectroscopic, theoretical and X-ray diffraction studies unveil the crucial role of heavy-atom 

effect and multiple non-covalent intermolecular interactions in the crystal state to enhance the 

ISC efficiency and to minimize molecular motions to facilitate the ambient RTP with tunable 

emission wavelengths. While the mono-bromo substituted carbazole derivative, BrCz, displays 

a long-persistent greenish- yellow RTP (ΦP = 1.2 %, τavg. = 182 ms), the tetra-Br-substituted 
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carbazole molecule, Br4Cz, shows red-emissive RTP with excellent phosphorescence quantum 

yield over 15 % (τavg. = 3.1 ms) in air, signifying the crucial role of heavy-atoms.  

2.2. Design Strategy and Synthesis 

Systematic bromination of commercially available carbazole and the consequent heavy-

atom effect on the RTP intensity is the basic design rule we follow in this chapter. All the 

brominated derivatives (BrCz, Br2Cz, Br3Cz and Br4Cz) studied here, were synthesized by 

one-step bromination of Cz, using different equivalents of N-Bromosuccinimide (NBS) with 

excellent yields (50 % - 80 %). These molecules were characterized by 1H and 13C NMR 

spectroscopy, mass spectrometry and single crystal X-ray diffraction analysis (see Experimental 

Section).  

 

Figure 2.1. Chemical structures of the brominated carbazoles and the arrow indicate the heavy-

atom induced phosphorescence enhancement.  

2.3. Spectroscopic Studies in Solution-state 

 

Figure 2.2. a) Absorption and b) fluorescence spectra (λexc. = 320 nm) of 0.01 mM solutions of 

Cz, BrCz, Br2Cz, Br3Cz and Br4Cz in THF.  c) Fluorescence decays of 0.01 mM Cz (τavg. = 7.9 

ns) and BrCz (τavg. = 3.2 ns) in THF, monitored at 380 nm (λexc. = 340 nm). Absorption at 275-

320 nm region corresponds to S0 → S2 (
1π-π* transition).[11] 
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In solution state (c = 0.01 mM, THF), all the derivatives show characteristic S0 → S1 (1π-

π*) absorption features of carbazole in the 300-370 nm region (Figure 2.2a).[11] The control 

molecule Cz, (nascent carbazole), exhibits strong fluorescence in the 350-450 nm range with an 

average lifetime of 7.9 ns (Figure 2.2b). BrCz with one Br-atom at the core showed a decreased 

fluorescence intensity and lifetime (τavg.  = 3.2 ns, Figure 2.2b and 2.2c). Increasing the number 

of Br atoms at the carbazole core (i. e. Br2Cz, Br3Cz and Br4Cz) result in further decrease in 

fluorescence intensity although no RTP could be observed in the solution phase due to rapid 

vibrational and collisional quenching (Figure 2.2b). These changes in fluorescence features of 

the Br-substituted carbazole derivatives compared to the nascent Cz, hint towards an increase 

inSOC efficiency with the increase in number of heavy atoms at the carbazole core, which 

activates the competitive ISC process to depopulate the singlet excitons. 

2.4. Time-dependent Density Functional Theory (TDDFT) Calculations 

To get more insight into the ISC efficiency of these carbazole derivatives upon heavy-

atom substitution, time-dependent density functional theory (TDDFT) was performed using 

B3LYP exchange-correlation functional with 6-31+g(d) basis set for all atoms except Br, for 

which LANL2DZ basis set along with the corresponding effective core potential (ECP) was used 

(see Experimental Section).  

Interestingly, multiple triplet excited states (Tn) were lying closely to the lowest excited 

singlet level (S1), which is ideal for thermodynamically allowed ISC transitions. Next, the extent 

of SOC efficiency was determined quantitatively by examining the spin-orbit coupling matrix 

element (SOCME) between neighbouring S1-Tn states for all molecules. In case of BrCz (4.40 

cm-1) and Br2Cz (7.76 cm-1), the magnitude of SOCME between S1 and T3 states were higher 

than the nascent Cz (0.54 cm-1) (Figure 2.3 a-c). Interestingly, the magnitude of SOCME 

increased significantly in the case of Br3Cz (S1T3 transition, 54.1 cm-1) and Br4Cz (S1T5 

transition, 70 cm-1) owing to further enhancement of internal heavy-atom perturbation in addition 

to the change in molecular orbital configurations in T3 state of Br3Cz and T5 of Br4Cz (Figure 

2.3d, 2.3e and Figure 2.4). Increasing SOCME with gradual insertion of Br-atoms in the core not 

only facilitates ISC to result in high triplet yields, but it also helps in activating spin-forbidden 

T1→S0 radiative transition for efficient RTP, when other non-radiative decay channels are 

efficiently minimized. 

 



Colour-tunable Ambient RTP from Metal-free Organic Crystals 

 
 
 

 
 

 
     50 

 

  

 

Figure 2.3. Jablonski diagram for (a) Cz, (b) BrCz, (c) Br2Cz, (d) Br3Cz and (e) Br4Cz (T1-, T2-

,  T3-, T4- and T5  level of theory). Corresponding S1-Tn SOCME values are also denoted in each 

case. Highest SOC values for Br3Cz and Br4Cz are highlighted in red which also enable the 

most efficient ISC pathways. 
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Figure 2.4. Natural transition orbitals of different excited states for Cz, BrCz, Br2Cz, Br3Cz and 

Br4Cz calculated using TD-B3LYP/6-31+g(d)/LANL2DZ level of theory. Hole and electron 

wavefunctions with the largest weight (v) provided for each transition. 

2.5. Ambient RTP in Crystalline State 

 

Figure 2.5. Photophysical studies of the nascent carbazole (Cz) crystals under ambient 

conditions: a) Normalized steady state and gated emission spectra of Cz-crystals excited at 340 

nm (delay time = 1 ms). Time resolved decay profiles of the Cz-crystals, showing b) fluorescence 

(λexc. = 373 nm, λmonitored = 430 nm, τavg. = 10.01 ns), c) delayed fluorescence (λexc. = 340 nm, 

λmonitored = 430 nm, τavg. = 1.13 ms) and d) phosphorescence (λexc. = 340 nm, λmonitored = 580 nm, 

τavg. = 762.3 ms) at room temperature. Phosphorescence intensity was too weak for quantum yield 

measurements.  
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Since RTP could not be observed in the solution state due to non-radiative vibrational 

dissipation of triplets, we further explored the crystalline phases of heavy-atom substituted 

carbazole derivatives along with the nascent Cz, in an attempt to minimize the molecular motions. 

First, single crystals of Cz, BrCz, Br2Cz, Br3Cz and Br4Cz were grown from saturated 

chloroform: methanol (1:2 v/v) solvent mixtures by slow evaporation over 12 h to 4 days. Cz 

crystals exhibited strong fluorescence (ΦF = 53.7 %) in the 370-500 nm region while exciting at 

340 nm with lifetime of 10.01 ns (Figure 2.5). Further, time-gated emission spectrum (delay time 

= 1 ms) also revealed a weak delayed fluorescence (τavg. = 1.13 ms) component along with a red-

shifted yellow-emissive afterglow phosphorescence band with a maximum at 586 nm (τavg. = 

762.3 ms), characteristic of carbazole chromophores in the crystalline state (Figure 2.5a, Video 

2.1).[10c] Phosphorescence characteristics of the bromo-substituted carbazole derivatives are 

summarized in Table 2.1. Monobromo substituted BrCz crystals showed a significantly reduced 

fluorescence intensity (ΦF = 2.4 %) compared to Cz, along with an increase in RTP intensity (ΦP 

= 1.2 %) as expected. The average lifetime of RTP band was 182 ms which is also reflected in 

the afterglow characteristics of BrCz under UV-excitation (Fig. 2.6a, 2.6e and Video 2.2). 

Remarkably, with increasing number of Br in Cz core, RTP quantum efficiency increased 

gradually, which is expected based on the increasing heavy-atom effect (Fig. 2.6b-d).[4a] Br2Cz 

crystals showed very weak fluorescence with strong greenish-yellow RTP (ΦP = 10.7 %) and an 

average lifetime of τavg.= 0.12 ms as evident from the steady-state and time-gated emission 

spectrum (delay time = 0.15 ms, Fig. 2.6b and 2.6f). Crystals of Br3Cz show strong orange-red 

emitting RTP (550-800 nm region, λmax. = 588 nm) with comparatively higher phosphorescence 

quantum efficiency (ΦP = 13.3 %) and average lifetime of 3.1 ms (Fig. 2.6c and 2.6g). Tetrabromo 

substituted Br4Cz crystals exhibited further bathochromic shift in the phosphorescence band 

with a maximum at 602 nm with concomitant enhancement in the RTP intensity (ΦP = 15.4 %, 

τavg.= 3.7 ms, Fig. 2.6d and 2.6h). It is worth noting that, Br3Cz and Br4Cz crystals exhibit strong 

ambient RTP in the orange and red-emitting region with high quantum efficiency (13.3 % and 

15.4 %, respectively) compared to the crystals of  Cz, BrCz and Br2Cz, in agreement with the 

gradual increase in heavy-atom effect discussed earlier (vide infra). Such strong ambient-stable 

RTP are among the best reported red-phosphors known till date (Table 2.2, Scheme 2.1).[1b,4b]  

Table 2.1. RTP features of brominated carbazoles in crystals. 

Phosphor λem (nm) ΦP τavg. (λmonitored) 

BrCz 558, 604, 672 1.2 % 182 ms (570 nm) 

Br2Cz 466, 532, 582 10.7 % 0.12 ms (580 nm) 

Br3Cz 588, 636 13.3 % 3.1 ms (590 nm) 

Br4Cz 602, 648 15.4 % 3.7 ms (610 nm) 
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Figure 2.6. Steady-state and gated emission spectra of the crystalline samples of (a) BrCz, (b) 

Br2Cz, (c) Br3Cz and (d) Br4Cz under ambient conditions (Inset of each figure is the 

corresponding photographs of the phosphorescent crystals under 365 nm UV-excitation). 

Corresponding phosphorescence decays of (e) BrCz (λmonitored = 570 nm), (f) Br2Cz (λmonitored = 

580 nm), (g) Br3Cz (λmonitored = 590 nm) and (h) Br4Cz (λmonitored = 610 nm) crystals when excited 

at 340 nm. 
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2.6. Single-Crystal X-Ray Diffraction Studies 

Figure 2.7. Single-crystal structures and molecular packing models of a) BrCz, b) Br2Cz, c) 

Br3Cz and d) Br4Cz with denoted intermolecular interactions. Various types of intermolecular 

interactions are shown in different coloured dotted lines along with the corresponding distances.    

To get further molecular insights into the intense RTP from the crystals of bromine-

substituted Cz-derivatives, molecular organization of the phosphors was investigated using single 

crystal X-ray diffraction analyses (Fig. 3). In Fig. 3a, stacking of BrCz in its crystal is shown, 

where the central BrCz molecule is surrounded by four other molecules with multiple non-

covalent intermolecular interactions such as N-H…π (2.75 Å and 2.81 Å), Br…Br (4.07 Å) and a 

weak parallel displaced π – π stacking (3.97 Å). On the other hand, Br2Cz forms more number 

of such intermolecular interactions, namely, N- H…π (3.06 Å), Br…Br (3.99 Å) and N-H…Br (2.88 

Å), which are evident along with a partial co-facial π – π stacking (3.99 Å) interactions (Fig. 3b). 

We envision that, more number of interactions among the Br2Cz leads to more densely-packed 

crystalline assembly with lesser vibrational motions compared to BrCz, resulting in crystalline 
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assembly with lesser vibrational motions compared to BrCz, resulting in substantially higher 

quantum efficiency.  Further we envisage that, the π-stacking interactions present between the 

molecules in Br2Cz compared to BrCz would be responsible for its red-shifted RTP maximum. 

Similarly in Br3Cz crystals, several intermolecular interactions such as N-H…π (3.54 Å and 3.87 

Å), Br…Br (3.61 Å and 3.75 Å), N-H…Br (2.89 Å) and π - π (3.39 Å) interactions were observed 

(Fig. 2.7c). Br4Cz also show these N-H…π (3.78 Å and 3.93 Å), Br…Br (3.60 Å, 3.85 Å and 3.89 

Å), N-H…Br (3.03 and 3.76 Å) and π - π (3.57 Å) non-covalent intermolecular interactions with 

neighbouring molecules (Fig. 2.7d). Hence, in general, it is evident that multiple short-contacts 

between the brominated molecules through various intermolecular interactions lead to densely-

packed crystalline lattices in Br2Cz, Br3Cz and Br4Cz which is essential for minimizing non-

radiative deactivation pathways to result in efficient RTP, compared to relatively loosely-packed 

crystals of BrCz or Cz (Figure 2.7, 2.8 and Table 2.2).[10c] In addition, we envision that many 

Br…Br interactions present in the crystalline samples of these molecules would also lead to an 

external heavy-atom effect, generally considered to be a contributing factor for efficient RTP 

emission in metal-free organic phosphors.[12] Further, the red-shifted orange and red ambient RTP 

with significant quantum yield (ΦP > ~15%), could be attributed to the very strong π-stacking 

interactions present as evident from the stacking  distances of 3.4-3.6 Å. 

 

Figure 2.8.  Single-crystal unit cells of a) BrCz, b) Br2Cz, c) Br3Cz and d) Br4Cz. 
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Table 2.2. Crystal data and structure refinement for BrCz, Br2Cz, Br3Cz and Br4Cz. 

Sample BrCz Br2Cz Br3Cz Br4Cz 

Empirical formula C12H8BrN C12H7Br2N C12H6Br3N C12H5Br4N 

Formula weight 246.10 325.01 403.91 482.81 

Temperature 273.15 K 273.15 K 296.15 K 296.15 K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic 

Space group P21/c P21 Pna21 C2/c 

Unit cell 

dimensions 

a = 

20.381(3) Å, 

b = 

5.8483(7) Å, 

c = 

7.9296(10) 

Å, 

β = 

91.435(7)° 

a = 3.9879(2) 

Å, 

b = 11.0867(6) 

Å, 

c = 11.8903(6) 

Å, 

β = 90.853(2)° 

a = 

17.4721(11) 

Å, 

b = 4.5809(3) 

Å, 

c = 

15.0216(9) Å, 

a = 38.831(2) Å, 

b = 3.9995(2) Å, 

c = 16.9741(10) Å, 

β = 103.898(5)° 

Volume 944.9(2) Å3 525.64(5) Å3 
1202.30(13) 

Å3 
2559.0(3) Å3 

Z 4 2 4 8 

Density 

(calculated) 
1.730 g/cm3 2.053 g/cm3 2.231 g/cm3 2.506 g/cm3 

Absorption 

coefficient 
4.302 mm-1 7.671 mm-1 10.035 mm-1 

12.555 

mm-1 

F(000) 488 310 760 1792 

Crystal size 
0.24 x 0.16 x 

0.04 mm3 

0.24 x 0.16 x 

0.04 mm3 

0.18 x 0.04 x 

0.02 mm3 

0.3 x 0.12 x 0.04 

mm3 

θ range for data 

collection 

2.999 to 

26.386° 

2.512 to 

26.359° 

2.331 to 

26.399° 
2.927 to 28.272° 

Index ranges 

-25<=h<=25, 

-7<=k<=7, -

9<=l<=9 

-4<=h<=4, -

13<=k<=13, -

14<=l<=14 

-21<=h<=21, 

-5<=k<=5, -

18<=l<=18 

-50<=h<=50, -

5<=k<=5, -

22<=l<=22 

Reflections 

collected 
8574 11613 24150 35328 

Independent 

reflections 

1859 [Rint = 

0.0770] 

2123 [Rint = 

0.0531] 

2449 [Rint = 

0.1267] 

3163 [Rint = 

0.1111] 

Completeness to θ 

= 25.242° 
96.4%a 99.9% 99.7% 99.7% 

Refinement 

method 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

1859 / 6 / 

127 
2123 / 7 / 136 2449 / 7 / 145 3163 / 0 / 154 

Goodness-of-fit 1.161 1.059 1.081 1.052 

Final R indices [I 

> 2σ(I)] 

Robs = 

0.0961,a 

wRobs = 

0.2532 

Robs = 0.0289, 

wRobs = 

0.0699 

Robs = 0.0553, 

wRobs = 

0.1191 

Robs = 0.0444, 

wRobs = 0.1165 
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R indices [all data] 

Rall = 0.1173, 

wRall = 

0.2666 

Rall = 0.0318, 

wRall = 0.0713 

Rall = 0.0874, 

wRall = 

0.1323 

Rall = 0.0755, wRall 

= 0.1372 

Largest diff. peak 

and hole 

1.773 and -

1.484 e·Å-3 

0.527 and -

0.744 e·Å-3 

1.159 and -

0.659 e·Å-3 

0.965 and -0.822 

e·Å-3 

R = Σ||Fo|-|Fc|| / Σ|Fo|, wR = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 and   

w=1/[σ2(Fo
2)+(0.0903P)2+17.4887P] where P=(Fo

2+2Fc
2)/3. 

a: The refinement parameters (Completeness and R index) for BrCz is deviate slightly from 

ideal values due to the poor quality and weak diffraction of the single crystals. 

2.7. Origin of the Phosphorescence in Crystals                                          

Figure 2.9.  Phosphorescence lifetimes of 0.01 mM THF solution of (a) Cz (τavg.= 5.7 s), (b) BrCz 

(τavg.= 1.27 s), (c) Br2Cz (τavg.= 13.31 ms), (d) Br3Cz (τavg.= 6.9 ms) and (e) Br4Cz (τavg.= 6.7 

ms) at 77 K. In all cases λexc. = 320 nm and λmonitored = 430 nm. f) Gated emission 

(phosphorescence) spectra of 0.01 mM THF solution of Cz, BrCz, Br2Cz, Br3Cz and Br4Cz at 

77 K (λexc. = 320 nm, delay time = 5 ms). 

In the solution state, the triplet excitons of brominated carbazole derivatives are readily 

quenched by various non-radiative decay pathways, mainly because of intermolecular collisions 

and intra-molecular vibrational or rotational motions leading to nearly non-emissive nature of the 

samples (Figure 2.2). However, crystallization rigidifies the molecular conformations efficiently 

which in turn prevents the intra/intermolecular quenching pathways arising from strong 

supramolecular interactions between the phosphor molecules to result in excellent RTP, even in 

air (Figure 2.5- Figure 2.7). Notably, such rigidification is traditionally achieved under cryogenic 
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conditions where phosphorescence is activated in glassy solvent matrices.[13] Interestingly, 

diluted THF (0.01 mM) solutions of both nascent and Br-substituted carbazole samples when 

frozen at 77 K (Figure 2.9a) showed very weak phosphorescence in the blue region (400 nm-550 

nm) (Fig. 2.9b). This indicates that the monomeric triplet energy state of all these molecules are 

much higher compared to the crystalline samples. From the excitation spectra in crystalline state 

(Figure 2.10), it is evident that red-shifted bands appearing beyond 360 nm suggest that the 

phosphorescence of brominated derivatives (or fluorescence of Cz) are aggregated or forming 

excimers in the solid state.[14] Hence, crystallization not only improves the RTP intensity 

compared to cryogenic conditions, but also helps in the pre-organization of phosphors towards 

an excimer or aggregation-induced, red-shifted phosphorescence emission.[14] Understanding the 

origin of phosphorescence band is extremely important in order to designate the energy levels 

accurately, which in turn provide an important aspect to elucidate other triplet emission 

mechanisms such as thermally activated delayed fluorescence.[15] More discussions regarding 

these experiments will be discussed at length in Chapters 5 and 6.  

 
Figure 2.10. Excitation spectra of Cz, BrCz, Br2Cz, Br3Cz and Br4Cz crystals monitored at 

different wavelengths.  

2.8. Conclusions       

In summary, a series of structurally simple, bromine-substituted carbazole phosphors 

have been synthesized, which show excellent RTP under fully ambient conditions in crystalline 

state. Structural and organization differences in terms of number of heavy-atoms and various 

non-covalent and π-stacking interactions allowed to harness efficient RTP, with tunable colour 

and triplet lifetime in air, from the crystalline samples of these novel derivatives. Since, carbazole 

is a central molecular substructure in designing state-of-the-art TADF emitters and also as host 

molecules for energy-efficient OLEDs, the present carbazole derivatives with more efficient 

triplet yields are expected to pave the way for exciting molecular designs with better 

performance.[10,12] Lastly, we envision that the simple halogenation approach reported here to 
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activate the RTP in carbazole derivatives, will encourage to revisit other commercially available 

aromatic heterocyclics such as phenothiazine, thianthrene, etc. for ambient triplet harvesting. 

2.9. Experimental Section 

2.9.1. 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 are 

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 at FLSP920 

spectrometer, Edinburgh Instruments. 

Lifetime measurements and quantum yield:  Solid state fluorescence lifetime was performed 

on a Horiba DeltaFlex time-correlated single-photon-counting (TCSPC) instrument. A 373 nm 

nano-LED with a pulse repetition rate of 1 MHz was used as the light source. Phosphorescence 

lifetime (λexc. = 380 nm) and gated emission was measured on FLSP920 spectrometer, Edinburgh 

Instruments equipped with a micro flash lamp (µF2) set-up. Solution state fluorescence lifetimes 

were performed on this instrument using a 340 nm LED source with a pulse repetition rate of 1 

MHz. The instrument response function (IRF) was collected by using a scatterer (Ludox AS40 

colloidal silica, Sigma-Aldrich). Quantum yield was measured using an integrated sphere using 

the same FLSP920 spectrometer. 

High Resolution Mass Spectroscopy (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

Computational Details: All the molecules were optimized in their ground state using Density 

Functional Theory (DFT) with B3LYPS1 functional and 6-31+g(d) basis set for all atoms except 

Br, for which LANL2DZ basis set along with the corresponding effective core potential (ECP) 

was used. The excited singlet and triplet state energies were calculated using time-dependent 

DFT (TDDFT) method. Tamm-Dancoff approximation (TDA)S2 was considered for the 

calculation for triplet energies to overcome the triplet instability issue. Nature of the excited states 

was described using natural transition orbital (NTO) analysis to describe the nature of 

excitation.S3 All the DFT/TDDFT calculations were performed using Gaussian 09 software 

(G09RevE.01).S4 Spin-orbit couplings between the singlet and triplet excited states were 
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calculated based on Breit-Pauli Spin-orbit Hamiltonian with an effective charge approximation 

as implemented in the PySOC code.S5 

Single crystal X-ray diffraction (SCXRD): The single crystal samples of BrCz, Br2Cz, Br3Cz 

and Br4Cz were mounted on a thin glass fibre with commercially available super glue. SCXRD 

data of these samples were collected on a Bruker D8 Venture diffractometer (Photon CMOS 

detector) equipped with a microfocus sealed tube X-ray source operating at 50 kV and 1 mA, 

with ω scan mode. Mo-kα (λ = 0.71073 Å) and Cu-kα (λ = 1.5406 Å) radiation was used to collect 

the data. The program, SAINTS6 was used for the integration of diffraction profiles followed by 

the absorption corrections using the SADABS program.S7 The structures were solved by dual 

space methods/intrinsic phasing followed by successive Fourier and difference Fourier syntheses. 

All the non-hydrogen atoms were refined anisotropically. Calculations were performed using 

SIR-92, S8 SHELXT, S9 SHELXL-2014, S10 SHELXL 97,S11 PLATON,S12 WinGX system, S13 

version 2014 and Olex2.S14 The Cambridge Crystallographic Data Centre (CCDC) reference 

numbers for BrCz, Br2Cz, Br3Cz and Br4Cz are 1992307, 1992306, 1992308 and 1992309, 

respectively. 

2.9.2. Synthetic Schemes and Procedures 

The synthesis of BrCz, Br2Cz, Br3Cz and Br4Cz is shown in Scheme 2.1. 

Materials: Carbazole and N-bromosuccinimide (NBS) were purchased from Alfa Aeser and 

used without further purification.  

 

 

Scheme 2.1. Synthetic scheme for BrCz, Br2Cz, Br3Cz and Br4Cz. 

BrCz

Br2Cz

Br3Cz

Br4Cz

Cz
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Synthetic Procedures 

Commercially available Cz (> 97 % purity, Alfa Aeser) was crystallized from saturated CHCl3: 

MeOH (1:2, v/v) solutions by slow evaporation over 12 hours to be used for photophysical 

studies. 

Cz (White crystalline solid): 1H NMR (400 MHz, DMSO-d6, ppm): δH 11.2 (s, 1H), 8.1 (d, J = 8 

Hz, 2H), 7.4 (d, J = 8 Hz, 2H), 7.3 (t, J = 8 Hz, 2H), 7.1 (t, J = 8 Hz, 4H); 13C NMR (100 MHz, 

DMSO-d6, ppm): δC 139.6, 125.4, 122.3, 120.0, 118.4, 110.8. 

 

 

 

 

  
 

Figure 2.11. 1H NMR spectrum of Cz in DMSO-d6. 
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Figure 2.12. 13C NMR spectrum of Cz in DMSO-d6. 

 

 

Synthesis of BrCz: N-bromosuccinimide (NBS) (1.05 g, 5.9 mmol, 1.0 eq.) was dissolved in dry 

acetonitrile and drop wise added to a solution of carbazole (1.05 g, 5.9 mmol, 1.0 eq.) taken in a 

100 ml RB flask at 0 ℃. This reaction mixture was stirred at the same temperature for 30 minutes 

before pouring into cold water to get a white precipitate. The precipitate was then filtered off, 

dried under vacuum at 50 ℃ for 4 hours and then recrystallized from saturated CHCl3:MeOH 

(1:2, v/v) solutions by slow evaporation over 24 hours.  

 

BrCz: white crystalline solid (1.23 g, 84 % yield). 

 1H NMR (400 MHz, DMSO-d6, ppm): δH 11.4 (s, 1H), 8.3 (d, J = 1.6 Hz, 1H), 8.1 (d, J = 7.6 

Hz, 1H), 7.5-7.4 (m, 4H), 7.1 (t, J = 7.2 Hz, 1H). 13C NMR (100 MHz, DMSO-d6, ppm): δC 140.1, 

138.3, 127.8, 126.2, 124.3, 122.6, 121.4, 120.6, 118.8, 112.8, 111.1, 110.5. HRMS (ESI, negative 

mode): m/z calculated for C12H8BrN: 243.9840: observed 243.9756 [M-H]-. 
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Figure 2.13. 1H NMR spectrum of BrCz in DMSO-d6. 

 

 
 

Figure 2.14. 13C NMR spectrum of BrCz in DMSO-d6. 



Colour-tunable Ambient RTP from Metal-free Organic Crystals 

 
 
 

 
 

 
     64 

 

  

 

 

 
 

Figure 2.15. ESI-HRMS of BrCz in negative mode.  

 

Synthesis of Br2Cz: Carbazole (1.0 g, 5.9 mmol) was taken in a 100 ml RB flask and then 

dissolved in dry toluene. This solution was cooled down to 0 ℃ in an ice-bath followed by the 

drop wise addition of N-bromosuccinimide (NBS) (2.1 g, 11.8 mmol, 2.0 eq.) dissolved in dry 

DMF. After stirring this solution for 4 h at RT, it was poured into cold water (50 ml) to obtain 

the white precipitate. This was filtered, washed repeatedly with cold methanol (50 ml) and then 

dried under vacuum oven at 50 ℃ for 4 hours. This white solid was then purified by silica-gel 

column chromatography (Chloroform: Hexane = 1: 10). The white Br2Cz amorphous solid was 

further recrystallized from saturated CHCl3: MeOH (1:2 v/v) solutions by slow evaporation over 

4 days. 

Br2Cz: white crystalline solid (1.4 g, 72 % yield). 

1H NMR (400 MHz, DMSO-d6, ppm): δH 11.5 (s, 2H), 8.4 (d, J = 1.6 Hz, 2H), 7.5 (dd, J = 8.4 

Hz, 4H). 13C NMR (100 MHz, DMSO-d6, ppm): δC 138.7, 128.6, 123.3, 1123.2, 113.1, 110.9. 

HRMS (ESI, negative mode): m/z calculated for C12H7Br2N: 324.8925: observed 323.8854 [M-

H]-. 
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Figure 2.16. 1H NMR spectrum of Br2Cz in DMSO-d6. 

 

 
Figure 2.17. 13C NMR spectrum of Br2Cz in DMSO-d6. 
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Figure 2.18. ESI-HRMS spectrum of Br2Cz in negative mode.  

 

Synthesis of Br3Cz: This compound was synthesized and recrystallized by a similar method to 

that of Br2Cz, using carbazole (1.0 g, 5.9 mmol) and N-bromosuccinimide (NBS) (3.1 g, 17.7 

mmol, 3.0 eq.). 

Br3Cz: White crystalline solid (1.24 g, 51 % yield). 

1H NMR (400 MHz, DMSO-d6, ppm): δH 11.7 (s, 1H), 8.4 (d, J = 7.2 Hz, 2H), 7.8 (d, J = 1.2 Hz, 

1H), 7.6-7.5 (m, 2H). 13C NMR (100 MHz, DMSO-d6, ppm): δC 138.9, 137.4, 130.0, 129.5, 124.4, 

123.8, 123.5, 122.8, 113.7, 111.7, 110.8, 104.4. HRMS (ESI, negative mode): m/z calculated for 

C12H6Br3N: 403.8009: observed 403.7939 [M-H]-. 

 
 

Figure 2.19. 1H NMR spectrum of Br3Cz in DMSO-d6. 
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Figure 2.20. 13C NMR spectrum of Br3Cz in DMSO-d6. 

 

 
 

Figure 2.21. ESI-HRMS spectrum of Br3Cz in negative mode.  

 

Synthesis of Br4Cz: This compound was synthesized and recrystallized by a similar method to 

that of Br2Cz, using carbazole (1.0 g, 5.9 mmol) and N-bromosuccinimide (NBS) (4.2 g, 23.6 

mmol, 4.0 eq.). 

Br4Cz: White Crystalline solid (1.8 g, 63 % yield). 
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1H NMR (400 MHz, DMSO-d6, ppm): δH 11.6 (s, 1H), 8.5 (d, J = 2.0 Hz, 2H), 7.8 (d, J = 1.6 Hz, 

2H). 13C NMR (100 MHz, DMSO-d6, ppm): δC 137.9, 131.5, 125.0, 123.1, 111.9, 105.1. HRMS 

(ESI, negative mode): m/z calculated for C12H5Br4N: 482.7115 : observed 481.7045 [M-H]-. 

 

 
 

Figure 2.22. ESI-HRMS spectrum of Br4Cz in negative mode.  

 

 
 

Figure 2.23. 1H NMR spectrum of Br4Cz in DMSO-d6.  
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Figure 2.24. 13C NMR spectrum of Br3Cz in DMSO-d6. 
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Chapter 3.1 

Long Persistent Phosphorescence from Functionalized 

Coronenes * 

 

Abstract 

In this section, we studied two water-soluble coronene derivatives to achieve amorphous 

state afterglow/ultralong room temperature phosphorescence in PVA films. Effective isolation of 

the coronene molecules (phosphors) in the PVA matrix simultaneously reduces the molecular 

motions and protects the triplets from oxygen-mediated quenching. Excellent aqueous 

processablity of these systems with high phosphorescence efficiency (with quantum yield over 20 

% and lifetime over 2 seconds) proves the efficacy of supramolecular self-assembly between the 

host PVA and guest phosphors. This strategy has been extended for novel molecular designs  for 

afterglow emission in the forthcoming chapters. 

 

            

 

 

 

 

 

 

 

 

*Manuscript based on this work is under preparation.  
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3.1.1. Introduction 

There are two main factors primarily considered for the design of ambient purely organic 

phosphors: a) activation of efficient intersystem crossing for both S1T1 and T1S0 transitions 

and b) minimization of non-radiative deactivation pathways (e. g. vibrational motions and 

oxygen-mediated quenching) for bright phosphorescence emission under ambient conditions. So 

far, the most effective approach that satisfy these conditions is crystallization of the organic 

phosphor molecules.[1] However, the main drawbacks of crystalline phosphor materials are their 

poor processabilty and critical growth conditions, which often result in reproducibility issues 

related to materials synthesis and luminescence performance.[2] In addition, it is always difficult 

to produce long-lived phosphor materials without the control of molecular organization that 

promote intermolecular electronic coupling between the chromophores in aggregated state.[3] 

This criteria is particularly detrimental for most organic molecules due to aggegation induced 

quenching phenomena. Nonetheless, certain crystalline organic chromophores with high lifetime 

(in the order of seconds) have been studied for their potential applications in bio-imaging and 

information storage applications.[4] Therefore, purely organic phosphor materials are worth 

investigating in order to replace existing rare-earth elements based inorganic phosphors.[5] In that 

regard, solution-processable and amorphous phase ultralong RTP (or afterglow phosphorescent) 

materials have attracted a lot of attention in past few years and likely to outperform state-of-the-

art crystalline URTP emitters for aforementioned applications.[6] In order to develope such 

materials, remarkably simple design principles are taken into account. First, the chromophores 

are generally functionalized with carbonyls groups or with lone-pair containing heteroatoms like 

N, P or S, to enhance the spin-orbit coupling efficiency (El-Sayed’s Rule).[7] Secondly, 

immobilization of these chromophores in a rigid amorphous host matrix (typically a polymer or 

a cage-like host) by non-covalent host-guest interactions (e. g. electrostatic and hydrogen-

bonding interactions).[8] Among various host-guest systems developed for amorphous phase 

URTP systems, phosphor-doped polymer hybrids have emerged as the best alternative because 

of their easy, cheap and scalable preparation conditions. In addition, in most of these cases the 

guest chromophores are effectively isolated in the polymer matrix leading to predictable 

phosphorescence emission wavelengths (from monomer state). One of the most utilized polymer 

utilized for this purpose is polyvinyl alcohol (PVA), developed by Monkman and co-workers.[9] 

They studied RTP properties of a series of commercially avalable water-soluble conjugated 

polymers functionalized with carboxylate, sulphonate and quaternary ammonium side-groups 

which form strong hydrogen-bonding and ion-dipole interactions with the polar hydroxyl groups 

of host PVA. They showed PVA could effectively isolate and suppress the molecular motions of 

these highly fluorescent conjugated polymers to result in phosphorescence under vacuum. The 
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isolation of phosphor molecules offer a possibilty of colour-tuning by designing phosphors with 

known monomer triplet energy. In this chapter (3.1), we studied two water-soluble coronene 

molecules functionalized with carboxylate and quternary ammonium groups (Figure 3.1.1a) in 

line with the original design studied by Monkman and co-workers. We envisioned that the known 

afterglow phosphorescence feature of unsubstituted coronene molecules under cryogenic 

conditions[10] as well as in rigid zeolite framework,[11] would provide us an ideal system to 

develope fully water-processable, amorphous URTP polymer hybrids in air. 

3.1.2. Design Strategy 

Figure 3.1.1. a) Molecular structures of the phosphors (guest) and polymer matrix (host). b) 

Example of non-covalent hydrogen-bonding and ion-dipole interactions possible between PVA 

and guest molecules. c) Schematic representation of a PVA-phosphor assembly. 

In this chapter we discuss the phosphorescence properties of two water-soluble coronene 

derivatives, coronene tetracarboxylate (CS) and dicationic coronenebisimide (CC) (Figure 

3.1.1a). Both these compounds consists of multiple carbonyl groups in the backbone and as has 

been discussed earlier, they are expected to produce high triplet density by following the El-

Sayed’s rule. In addition, CS is functionalized with four carboxylate groups and expected to 

exhibit ion-dipole interaction with polar hydroxyl groups of PVA host. In a similar manner, the 

pendant quaternary ammonium groups of CC is also envisioned to interact with PVA which in 

turn would result in effective suppression of the molecular motions of the guest molecules, 

ultimately leading to strong RTP in air. Here it also very important to note the efficacy of PVA 

as host because of its salient properties, especially useful for triplet harvesting. There is a plethora 

of functional groups (such as sulphonates, amines, carboxylic, sulphonic, and phosphoric acids 

etc.) which can undergo supramolecular self-assembly with host PVA through various non-

covalent interactions such as hydrogen-bonding and ion-dipole interactions. Therefore, 

PVA
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molecular design utilizing these functional groups would render an efficient minimization of the 

non-radiative decay processes (Figure 3.1.1b). Interestingly, PVA is known for forming strong 

intermolecular H-bonding network between the polymer chains which helps in reducing the 

vibrational/diffusional motion of itself (as the host matrix) and lowers the oxygen permeability 

to a great extent (Figure 3.1.1c). Both these properties are extremely detrimental for triplet 

stability.  

3.1.3. Ambient Triplet Harvesting from CS 

3.1.3.1. Solution-state Photophysical Properties of CS 

 

Figure 3.1.2. a) Normalized absorption and fluorescence spectra of CS in water (λexc. = 350 nm, 

[CS] = 0.1 mM).   b) Fluorescence decays of CS in water ([CS] = 0.1 mM, λexc.= 373 nm,  λmonitored 

= 440 nm, τavg. = 10.54 ns). IRF = instrument response function. 

CS (0.1 mM) shows characteristic absorption bands at 250-450 nm region in its UV-Vis 

spectrum suggesting its molecularly dissolved nature in water (Figure 3.1.2a). The corresponding 

emission spectra also show strong vibronic feature of fluorescence at 400-500 nm region (at λexc. 

= 350 nm) (Figure 3.1.2a). The fluorescence nature of the emission was confirmed by the 

corresponding lifetime profile with average lifetime of 10.5 ns (λexc. = 373 nm, λmonitored = 440 nm) 

(Figure 3.1.2b). However, due to fast vibrational relaxations no phosphorescence can be observed 

in the solution state. In general the vibrational motions are effectively reduced in solid films or 

crystals. In the next section we will study the emission properties of CS in both neat films as well 

as by dispersing the molecules in amorphous PVA matrix. 
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3.1.3.2. Ultralong Room Temperature Phosphorescence (Afterglow) of 

CS-PVA hybrids  

 

Figure 3.1.3. a) Emission spectrum (λexc. = 350 nm) and b) corresponding fluorescence decay 

(λexc. = 373 nm, λmonitored = 500 nm) profile of CS in neat film. IRF = instrument response function. 

CS in its neat thin film state does not show any phosphorescence, however a broad peak 

(at 500-550 nm region, ΦF < 0.1 %, λexc. = 350 nm) is observed suggesting the strong aggregate 

formation with excimer-like emission characteristics, observed previously for unsubstituted 

coronene (Figure 3.1.3a). The emission intensity, though, was very weak and no reliable lifetime 

could be measured from the neat films (Figure 3.1.3b). Interestingly, PVA effectively isolates 

the CS molecules resulting in better luminescence efficiency. CS-PVA films obtained by 

dispersing the 2 wt. % of chromophores in the PVA matrix showed an intense greenish-yellow 

emission band at 500-700 nm region in addition to characteristic blue fluorescence of CS (Figure 

3.1.4). Sharp vibrational features in the absorption spectrum of CS in the PVA matrix, compared 

to that of neat CS film reiterates the molecularly dispersed organization of the chromophores in 

the film (Figure 3.1.5).  Interestingly, a gated spectrum of these films showed a strong delayed 

emission in the 500-700 nm range with a weak blue fluorescence component (Figure 3.1.4). 

 

Figure 3.1.4. Steady-state and gated emission spectra of 2 wt. % CS-PVA film (λexc. = 350 nm, 

delay time = 5 ms). Arrows indicate the thermally activated delayed fluorescence peaks. 
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Figure 3.1.5. Absorption spectra of CS in water (0.1 mM), in PVA matrix (2 wt. %) and as neat 

film suggesting the aggregation of CS molecules in the film state and molecularly dissolved 

nature in the PVA matrix and in water. 

 

Figure 3.1.6. Time-resolved emission decay profiles of the 2 wt. % CS-PVA film showing a) 

prompt fluorescence (λexc.= 373 nm,  λmonitored = 440 nm, τavg. = 11.23 ns), b) thermally activated 

delayed fluorescence (λexc. = 355 nm, λmonitored = 440 nm, τavg. = 2.27 s) and room temperature 

phosphorescence (λexc. = 355 nm, λmonitored = 532 nm, τavg. = 2.46 s). IRF = instrument response 

function. 

Time-resolved lifetime experiments were further performed to understand the nature of 

these two distinct emission bands. Interestingly, on monitoring the fluorescence at 440 nm, CS-

PVA hybrid film showed a prompt as well as delayed fluorescence feature with an average 

lifetime of 11.2 ns (λexc. = 373 nm) and 2.27 s (λexc. = 355 nm), respectively (Figure 3.1.6).  

Fluence dependent emission measurements, further revealed a linear increase (slope = 

0.7) of the emission intensity with increasing excitation intensity suggesting the thermally 

activated delayed fluorescence nature of the DF emission. However, the overall fluorescence 

quantum yield was found to be weak (ΦF =2.2 %), hinting towards a competing pathway for the 

depopulation of singlet states. In fact, the long-wavelength emission band (500-700 nm region) 

showed a very high average lifetime of 2.46 s in air, suggesting its room temperature 

phosphorescence (RTP) nature (Figure 3.1.6b). Remarkable ambient stability and greenish-

yellow afterglow with high quantum yield (ΦP = 23.4 %) of these CS-PVA films are evident 
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from the photographs of the films under 365 nm UV-excitation (Figure 3.1.8 and Video 3.1.1). 

However, at very high weight percentages of CS (50 wt. %) in PVA, the phosphorescence 

intensity decreases due to the semi-crystalline to amorphous phase transformation of the PVA 

matrix which would facilitate triplet quenching via enhanced vibrational dissipation (Figure 3.1.9 

and Figure 3.1.10). It is worthwhile to mention here, for all the subsequent PVA based studies 

we shall see, the maximum quantum efficiency of phosphorescence is achieved only by diluting 

the chromophores in large amount of PVA. Typical composition for best performing materials is 

1-2 wt. % dye dispersion in PVA.  

 

Figure 3.1.7. Dependence of the emission intensity of 2 wt. % CS-PVA hybrid film on excitation 

power intensity. 

 

Figure 3.1.8. Photographs of 2 wt. % CS-PVA film under 365 nm excitation and long afterglow 

when the source is turned off.  
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Figure 3.1.9. Composition dependent studies of CS-PVA hybrids. a) Emission spectra (λexc. = 

350 nm), b) corresponding phosphorescence lifetime (λexc. = 355 nm; λmonitored = 532 nm).  

 

Figure 3.1.10.  Powder XRD pattern CS-PVA hybrids of varying composition.  
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Figure 3.1.11. a) Normalized absorption and fluorescence spectra of CC in acetonitrile (λexc. = 

340 nm, [CC] = 0.05 mM). b) Fluorescence decay profile of CC in acetonitrile ([CC] = 0.05 

mM, λexc.= 373 nm,  λmonitored = 510 nm). IRF = instrument response function. 
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Having a comprehensive understanding on the triplet emission properties of CS-PVA 

hybrids, we next investigated the photophysical properties of the cationic coronene derivative, 

CC. First, we performed the absorption and emission measurements in solution state followed 

by elucidation of the RTP characteristics in solid film state. 

Unlike the CS, the dicationic derivative, CC is known to form non-emissive H-

aggregates in water.[12] Therefore, in order to understand the monomer state emission profile of 

CC, it was dissolved in acetonitrile in low concentration (0.05 mM). In acetonitrile, it shows 

characteristic absorption peaks at 340 nm and 490 nm (Figure 3.1.11a). On the other hand, it 

showed strong green fluorescence in the emission profile (λexc. = 340 nm), although no triplet 

contribution was observed (Figure 3.1.11a). The average fluorescence lifetime of CC in 

acetonitrile was measured to be 10.25 ns (λexc. = 373 nm, λmonitored = 510 nm) (Figure 3.1.11b).  

 

Figure 3.1.12. a) Composition dependent emission profile of CC-PVA hybrids (λexc. = 340 nm). 

b) Steady-state and gated emission spectra of 1 wt. % CC-PVA film (λexc. = 340 nm, delay time = 

1 ms). The dotted plot is molecularly dissolved fluorescence of 0.05 mM CC in MeCN. c) Time-

resolved emission decay profiles of the 1 wt. % CC-PVA film showing ultralong RTP emission 

(λexc.= 340 nm,  λmonitored = 580 nm). d) Photographs of 1 wt. % CC-PVA film under 365 nm 

excitation and long afterglow when the source is turned off. 
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On the other hand, in neat film state, CC forms strong aggregation and the intensity could 

only be improved upon dispersion in PVA at very low concentration (1 wt. % CC in PVA) 

(Figure 3.1.12a). Interestingly, the gated emission (delay time = 1 ms) of the 1 wt. % CC-PVA 

hybrid film showed an orange-emitting phosphorescence band with average lifetime of 52.3 ms 

(λexc. = 340 nm, λmonitored = 580 nm) (Figure 3.1.12b and 3.1.12c). Such a high phosphorescence 

lifetime was also evident from visible orange-emitting afterglow upon cessation of the UV-source 

(λexc. = 365 nm, Figure 3.1.12d and Video 3.1.2). Here, it is worth mentioning that, the steady-

state emission of CC-PVA overlaps with the fluorescence band when dissolved in acetonitrile 

(Figure 3.1.11a). This suggests towards effective isolation of the CC molecules in PVA which 

lead to strong RTP as has been seen in case of CS. Nonetheless, the phosphorescence intensity 

of CC-PVA was substantially weaker (total = 13.6 %) than CS-PVA hybrids, which is 

rationalized by the flexible ethylene chains present in the CC. Therefore, in the subsequent 

chapters we shall use CS-PVA system for further exploration of amorphous phosphorescence 

hybrids instead of CC-PVA. 

3.1.5. Conclusions 

In summary, we have studied two water-soluble phosphors (CS and CC) that show 

excellent ultralong RTP or phosphorescence afterglow in air. Such simple but efficient protocol 

for air-stable, transparet, solution-processed ultralong RTP with excellent triplet harvesting 

properties (maximum ΦP ~ 25 % and τavg. > 2.4 s) are rarely reported in literature. This ambient 

stability is envisioned to be a result of multiple carbonyl groups present in the chromophores, 

which impart sufficient spin-orbit coupling to facilitate ISC and the resulting triplet excitons are 

further stabilized by the rigid PVA host. Remarkably, both phosphors show monomeric feature 

in the emission spectra suggesting the excellent templating effect of PVA to reduce the 

aggregation induced quenching and this particularly important feature will be exploited in the 

forthcoming chapters for new molecular design and understanding their excited state properties 

comprehensively. 

3.1.6. Experimental Section 

3.1.6a. 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 Edinburgh 

FLS1000 spectrometer. 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 at 

high concentrations. 
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Lifetime and quantum yield measurements: 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 was obtained in the same instrument using 355 nm LED laser 

diode (spectraLED). Gated emission was measured on FLS1000 spectrometer, Edinburgh 

Instruments equipped with a micro flash-lamp (µF2) set-up. Quantum yield was measured using 

an integrated sphere in the same instrument. 

3.1.6b. Materials 

CS[13] and CC[12] was synthesized according to literature procedures. 

3.1.6c. Protocol for Dye-polymer Hybrids Sample Preparation: First a stock solution of PVA 

was prepared by heating 0.5 g of the polymer in 10 ml of distilled water for 3 hours under stirring 

conditions. CS-PVA (or CC-PVA) hybrids were prepared by adding appropriate amount of CS 

(or CC) to 1 ml of PVA stock solutions (for example, for 2 wt. % CS/CC-PVA, 1 mg of CS/CC 

is used) followed by sonication and heating the solution 60 ºC for 5 minutes to get a clear solution. 

All these samples were then drop-casted on a clean glass substrate followed by drying under 

vacuum at 60 oC to make the corresponding hybrid films. 
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Chapter 3.2 

Activating “Afterglow Delayed Fluorescence” via 

Phosphorescence Energy Transfer* 

 

Abstract 

In the present study, a delayed sensitization of the singlet state of organic dyes via 

phosphorescence energy transfer from organic phosphors is proposed as an alternative strategy 

to realize “afterglow fluorescence”. This concept is demonstrated with a long-lived phosphor as 

the energy donor and commercially available fluorescent dyes as the energy acceptor. Triplet to 

singlet Förster resonance energy transfer (TS-FRET) between donor and acceptor 

chromophores, which are co-organized in an amorphous polymer-matrix, results in tunable 

yellow and red afterglow from the fluorescent acceptors. Moreover, these afterglow fluorescent 

hybrids are highly solution-processable and show excellent air-stability with good quantum 

yields (over 50 %). 

 

 

 

 

 

 

 

 

 

 

 

*Manuscript based on this work has been published in Angew. Chem. Int. Ed. 2020, 59, 9393. 
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3.2.1. Introduction 

Purely organic systems with long-persistent luminescence (afterglow) have gained 

increasing interest due to their great potential in optical sensing, light-emitting diodes and 

imaging probes as well as a viable alternative to well-studied inorganic phosphors containing 

toxic, rare and expensive elements.[1] Organic phosphor equivalents displaying afterglow 

emission have been realized mainly by enhancing the spin-orbit coupling with heavy-atom 

designs and by minimizing the vibrational dissipation within crystalline phases.[2] The ambient 

afterglow from solution-processable organic phosphors has also been achieved in a few systems, 

by incorporating them in polymeric matrices or micro-environments with good oxygen barrier 

performance.[3] However, high quantum yield and tunable afterglow emission, particularly in the 

red region, still remains as a challenge in organic afterglow phosphors.[4] Although thermally 

activated delayed fluorescence (TADF) emitters are promising for good colour-tunability and 

high quantum yields, their lifetimes are only in the µs to ms timescale and  hence specially 

designed exciplex TADF systems are required to exhibit afterglow.[5] Thus, alternative and 

generalized strategies are essential to realize tunable afterglow emission from purely organic 

chromophores under ambient and solution-processable conditions.  

Förster resonance energy transfer (FRET) between singlet states of chromophores have 

been extensively investigated in multi-chromophoric assemblies to attain tunable fluorescent 

materials.[6] Herein, we envisage that, energy transfer from long-lived singlet or triplet state of 

donor molecules to singlet state of fluorescent acceptors, would provide an attractive strategy to 

extract afterglow fluorescence from acceptors via a delayed sensitization process.[7] Further this 

approach would circumvent the tedious molecular engineering required to extract afterglow 

fluorescence via the TADF process and moreover the delayed emission can be tuned by the 

suitable choice of common dye molecules. Recently, singlet-singlet energy transfer from TADF 

chromophores has been demonstrated to get a wide-range of fluorescent materials with tunable, 

afterglow features under inert atmosphere.[8] On the contrary, analogous triplet- to-singlet energy 

transfer (TS-FRET) process from purely organic phosphorescence materials to induce delayed 

fluorescence is less explored regardless of its successful demonstration in organometallic 

molecular systems.[9]  In this context, herein we report phosphorescence energy transfer (via TS-

FRET) process in purely organic donor and acceptor multi-chromophoric assemblies to render 

unprecedented air-stable and water-processable afterglow fluorescent materials via a delayed 

sensitization process (Figure 3.2.1a). More importantly, the wavelength of afterglow could be 

tuned by the TS-FRET process to various fluorescent dye molecules of interest having a spectral 

overlap with the phosphor emission, to yield yellow and red afterglow fluorescence under 
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ambient conditions. Further the remarkable ambient afterglow and the solution processability of 

these materials have been demonstrated with self-standing, flexible films and inks. 

3.2.2. Design Strategy and Prerequisites for Triplet-to-singlet FRET 

 

Figure 3.2.1. a) Simplified Jablonski diagram to explain the phosphorescence energy transfer 

and other photophysical process in the present study. (F = Fluorescence, DF = Delayed 

Fluorescence, ISC = Intersystem Crossing, RISC = Reverse Intersystem Crossing, RTP = Room 

Temperature Phosphorescence, SS-FRET = Singlet to Singlet Förster Resonance Energy 

Transfer, TS-FRET = Triplet to Singlet Förster Resonance Energy Transfer).  b) Molecular 

structures of various components used in the present study. c) Schematic representation of the 

PVA scaffold with anchored donor and acceptor chromophores. (ET = Energy Transfer). 

We have used poly(vinylalcohol) (PVA) as the matrix to host the chromophores, because 

of its high tensile strength, flexibility and resistance of oxygen which would minimize the 

vibrational and oxygen quenching of the triplet of donor phosphors.[3d] Further we envisage that 

the pendant hydroxyl functional groups of the PVA polymer chains makes it an attractive 

supramolecular scaffold to anchor and organize both donor and acceptor chromophores 

appropriately functionalized with hydrogen-bonding groups, through weak secondary 

interactions.[3c, d] In the present study we have used coronene tetracarboxylate salt (CS) as a long-

persistent triplet energy donor, which exhibits greenish-yellow, ambient afterglow when 

incorporated into the PVA matrix. Further, commercially available, highly fluorescent dyes 

Sulpharhodamine 101 (SR101) and Sulpharhodamine G (SRG) with good spectral overlap with 

the CS phosphor emission are used as the acceptor chromophores to demonstrate the concept of 
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phosphorescence energy transfer (Figure 3.2.1b). Both donor (CS) and acceptor molecules 

(SR101 and SRG) are water-soluble dyes with ionic/hydroxyl side-groups (carboxylates, 

sulphonates and sulphonic acid) which facilitates supramolecular self-assembly with the host 

PVA via ion-dipole and hydrogen-bonding interactions, thereby reducing the molecular motions 

to minimize the non-radiative decay processes (Figure 3.2.1b-c). 

 

Figure 3.2.2. a) Emission spectrum of 2 wt. % CS in PVA showing considerable RTP intensity 

even after 45 days compared to the freshly prepared samples (λexc.= 350 nm) in air. b) Schematic 

representation of TS-FRET mechanism. Spectral overlap of CS RTP with the absorption of c) 

SR101 and d) SRG. [SR101] = [SRG] = 10-5 M in water (λexc.= 350 nm). 

 Strong phosphorescence emission of CS-PVA hybrids in the air (ΦP = 23.4 %) along 

with excellent air-stability even after a month suggests strong oscillator strength of T1S0 

transition in the present case (Figure 3.2.2a). We envisage that the efficient RTP in the present 

system is an indication of strong spin-orbit coupling process due to similar the n-π* transitions 

in the conventional phosphors containing aromatic carbonyl groups, according to El-Sayed’s 

rule.[2a] Strong spin-orbit coupling and consequent RTP intensity is particularly significant as the 

oscillator strength of donor emission (i. e. phosphorescence in the present case) is a pre-requisite 

for the dipole-dipole coupling between the excited donor and ground-state acceptor molecules to 

facilitate the FRET process (Figure 3.2.2b).[7a, c] Thus, we envision that, doping CS-PVA hybrids 

with appropriate fluorescent acceptor molecules with overlapping absorption with the RTP 

emission of CS can facilitate a triplet to singlet Förster-type Resonance Energy Transfer (TS-

FRET) process. Further, TS-FRET process from afterglow phosphorescent donor can result in a 
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persistent “delayed fluorescence” from the otherwise short-lived acceptor singlet states, by a 

delayed sensitization process. The persistent delayed fluorescence is envisioned to be a result of 

slow phosphorescence decay. As can be seen from Table 3.2.1, the radiative rate of fluorescence 

(𝑘𝐹
𝑟) is 10 times slower than the rate of intersystem crossing (𝑘𝐼𝑆𝐶) leading to major deactivation 

of singlet excitons. This could also be a plausible reason for inefficient typical FRET between 

singlet states, in the present systems (vide infra). More importantly, the radiative rate of 

phosphorescence (𝑘𝑃
𝑟) is extremely slow (~0.1 s-1) as a result of extremely slow lifetime over a 

few seconds. Since, the rate of energy transfer is inversely proportional to the lifetime of the 

donor emission, we expect a slow and long-range energy transfer to the acceptors which are 

dispersed in the polymer matrix to result in afterglow delayed emission via energy transfer.[10] 

Table 3.2.1. Summary of emission characteristics of 2 wt. % CS-PVA film.[11] 

 

<τF> (ns) ΦF 𝑘𝐹
𝑟 (s-1) <τP> (s) ΦP 𝑘𝑃

𝑟  (s-1)  𝑘𝐼𝑆𝐶(s-1) 

11.23 0.022 1.9 x 106 2.46 0.234 9.5 x 10-2 20.8 x 106 

𝑘𝐹
𝑟 = ΦF/<τ>F;  𝑘𝑃

𝑟  (s-1) = ΦP/<τ>P ; 𝑘𝐼𝑆𝐶 = ΦP/<τ>F 

Broad RTP emission of CS-PVA hybrids allows the choice of various acceptors for 

colour-tuneable and narrow bandwidth emission. Rhodamine dyes, SR101 (λabs.= 520-600 nm, 

λmax. = 610 nm) and SRG (λabs.= 450-550 nm, λmax. = 560 nm) show excellent spectral overlap 

with the phosphorescence band of CS (Figure 3.2.2c and 3.2.2d), prerequisite for TS-FRET. 

Further the specific secondary interactions between the chromophores and the PVA matrix are 

expected to promote an efficient co-assembly to maintain a close donor-acceptor distance in the 

resulting hybrids for the efficient energy transfer process (Figure 3.2.1). 

3.2.3. Red-emitting Ambient Afterglow Fluorescence in CS-SR101-PVA 

Hybrid Films 

First, transparent films of SR101 (1 wt. % to 10 wt. % with respect to the amount of CS) 

doped CS-PVA (CS is 2 wt. % with respect to PVA) hybrids were prepared by drop-casting 

corresponding aqueous solutions with appropriate ratio of the components on to glass substrates 

followed by complete drying under vacuum (see experimental section). Emission spectra of 

SR101 doped CS-PVA films (λexc. = 350 nm) showed a gradual decrease of the CS 

phosphorescence emission centred at 532 nm and a concomitant enhancement of SR101 

fluorescence at 600-700 nm region, with increasing doping of SR101, which hint towards an 

efficient energy transfer process from the triplet state of donor to the acceptor molecules (Figure 

3.2.3a). In addition, a significant red-shift in the normalized gated emission spectra (with a delay  
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Figure 3.2.3. Phosphorescence energy transfer (CS to SR101):  a) Normalized steady-state and 

(λexc. = 350 nm) b) gated emission (λexc. = 350 nm, delay time = 5 ms) of CS-PVA hybrid films 

with different wt. % of SR101, which clearly shows the delayed emission component from the 

SR101 with the quenching of CS phosphorescence emission. c) Steady-state and gated emission 

spectra of CS-PVA film with 10 wt. % SR101 doped in CS-PVA (λexc. = 350 nm, delay time = 5 

ms) along with steady-state fluorescence spectrum of a 0.2 wt. % SR101-PVA film (λexc. = 545 

nm) without the donor CS, confirming the singlet fluorescence origin of the delayed emission.  d) 

Photographs of CS-SR101-PVA hybrid films (with 10 wt. % of the SR101), showing afterglow 

emission over 5 seconds when the excitation with 365 nm UV-lamp is turned off. e) Time-resolved 

emission decay profiles of CS-PVA hybrid films with different wt. % of SR101 showing a 

quenching of the CS triplet lifetime with an increasing percentage of the SR101 (λexc. = 355 nm, 

λmonitored = 532 nm).  

time of 5 ms) of these films, with respect to that of the phosphorescence emission from pure CS-

PVA hybrids, further indicates the long-lived character of the acceptor emission (Figure 3.2.3b). 

Remarkably, the gated emission of SR101 doped CS-PVA film match with that of the 

fluorescence spectrum of pure SR101 anchored PVA films which clearly indicated the delayed 

fluorescence nature of the acceptor emission (Figure 3.2.3c).  The gated emission from the 

acceptor in the hybrid films is also evident from the visible afterglow colour change from 

greenish-yellow (pure CS phosphorescence) to deep-red (pure SR101 fluorescence) region of the 

visible spectrum (Figure 3.1.2d and Figure 3.2.3d and Video 3.1.1). Furthermore, time-resolved 

emission lifetime analyses of CS phosphorescence monitored at 532 nm (λexc. = 355 nm), showed 

a gradual decrease of the average lifetime (τavg.) from 2.46 s to 1.33 s in 5 wt. % CS-SR101-PVA 
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film, which further reduces to 0.86 s with higher SR101 content (10 wt. % with respect to CS) 

(Figure 3.2.3e).  

These decay profiles clearly suggest the presence of an efficient non-radiative FRET 

from the triplet state of CS donors to the singlet states of the acceptor in the hybrid films (TS-

FRET), thus ruling out the possibility of a trivial energy transfer (emission-reabsorption process) 

where no change in donor lifetime is expected. Singlet-singlet FRET process is unlikely in the 

present case due to the weak CS fluorescence contribution (probably due to highly efficient 

intersystem crossing) and smaller spectral overlap integral (Figure 3.2.2c and Table 3.2.1). 

 

Figure 3.2.4. a) Fluorescence decay (λexc. = 373 nm) and b) delayed fluorescence decay of CS-

PVA hybrid films with and without the acceptor doping (λexc. = 355 nm, λmonitored = 440 nm). In 

both these cases 10 wt. % SR101 (with respect to CS) was used as acceptor dopant. IRF = 

instrument response function. 

In order to elucidate the singlet-singlet FRET comprehensively, time-resolved decay 

experiments were performed (Figure 3.2.4). Average fluorescence lifetime of CS-PVA (2 wt. % 

with respect to PVA) 11.23 ns reduces negligibly to 11.06 ns (in presence of 10 wt. % SR101); 

whereas significant decrease of average delayed fluorescence lifetime (λexc. = 355 nm, λmonitored = 

440 nm, τavg. = 2.27 s to 0.83 s) suggests efficient consumption of triplets via T-S energy transfer 

(TS-FRET). This observation clearly suggests that triplet state of CS (phosphorescence) is 

predominantly the energy donor manifold in the present system. As a control, the gated emission 

of the CS-SR101-PVA films were compared with that of direct excitation of the acceptor SR101 

(λexc. = 545 nm) in the hybrid films and in the SR101 anchored PVA films without the CS. In 

both cases no delayed emission component were observed (Figure 3.2.5a and 3.2.5b, blue and 

black curves). The absence of delayed fluorescence in the SR101-PVA samples without CS is 

also reiterated from the only normal (prompt) fluorescence lifetime profile of SR101 with an 

average lifetime of 5.4 ns (Figure 3.2.5c). In addition, we also observed a substantial blue-shift 

and sharper emission in the presence of PVA suggests that SR101 interacts well with PVA and 

are well-dispersed in the matrix leading to minimum optical losses due to aggregation, in line 
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with our design strategy (vide infra) (Figure 3.2.5d). Hence, it is evident that the long-lived triplet 

excitons of donor CS molecules are the only source of the delayed population of the singlet state 

of acceptor SR101 via an efficient TS-FRET mechanism to result in “persistent delayed 

fluorescence”.  

 

Figure 3.2.5. a) Gated emission spectra (delay time = 1 ms) of pure 0.2 wt. % SR101-PVA (with 

respect to the amount of PVA) hybrid films (λexc. = 350 nm) and CS-PVA hybrid films doped with 

10 wt. % of SR101 (with respect to the amount of CS) upon direct (λexc. = 545 nm) and indirect 

excitation (λexc. = 350 nm) of the acceptor, to reiterate the necessity of energy transfer process to 

extract delayed fluorescence from the SR101 dye molecules. b) Steady state and gated (1 ms 

delay time) emission spectra of 0.2 wt. % SR101-PVA hybrid film (λexc. = 540 nm). c) 

Fluorescence decay of 0.2 wt. % SR101-PVA hybrid film monitored at 615 nm (λexc. = 532 nm). 

IRF = instrument response function. d) Normalized emission spectra of 0.2 wt. % SR101-PVA 

hybrid film without donor along with its neat film state showing reduced aggregation in PVA 

film (λexc. = 540 nm). 

3.2.4. Yellow Afterglow Fluorescence Using SRG dye as FRET-acceptor 

TS-FRET induced long-persistent (afterglow) delayed fluorescence could also be 

extended to yellow-emitting SRG acceptor, having a good spectral overlap with the triplet 

emission of CS (Figure 3.2.6 and 3.2.7). As evident from Figure 3.2.6a, increasing the amount 

of SRG (acceptor) in the CS-PVA hybrid films results in a gradual decrease in phosphorescence 

emission of CS at 532 nm, with a concomitant enhancement of SRG emission at 550-570 nm 
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region. In addition, substantial red-shift in gated emission spectra (delay time = 5 ms) along with 

a visible afterglow colour change of these films from green (CS phosphorescence) to yellow 

(SRG fluorescence), clearly indicates an energy transfer process from donor triplet excited state 

of CS to the singlet state of SRG (Figure 3.2.6b and 3.2.6c and Video 3.1.1). The delayed 

afterglow fluorescence origin was also evident from the identical gated emission profile of SRG 

doped CS-PVA film with that of pure SR101 doped PVA films (Figure 3.2.6d). Further, similar 

to the SR101 case, phosphorescence lifetime of CS phosphorescence (monitored at 532 nm), 

gradually decrease from τavg. = 2.46 s to 0.8 s in 10 wt. % CS-SRG-PVA film (Figure 3.2.6e). 

The T-S FRET mechanism behind the afterglow delayed fluorescence of SRG molecules was 

further proved unequivocally by the detailed gated emission and time-resolved fluorescence 

experiments as explained previously, in the case of SR101 (Figure 3.2.7).  

 

Figure 3.2.6. Phosphorescence energy transfer (CS to SRG):  a) Steady-state and (λexc. = 350 

nm) b) normalized gated emission (λexc. = 350 nm, delay time = 5 ms) of CS-PVA hybrid films 

with different wt. % of SRG, which clearly shows the delayed emission component from the SRG 

with the quenching of CS phosphorescence emission. c) Photographs of CS-SRG-PVA hybrid 

films (with 10 wt. % of the SRG), showing afterglow emission over 5 seconds when the excitation 

with 365 nm UV-lamp is turned off.  d) Steady-state and gated emission spectra of CS-PVA film 

with 10 wt. % SRG doped in CS-PVA (λexc. = 350 nm, delay time = 5 ms) showing the delayed 

fluorescence from SRG, along with steady-state fluorescence spectrum (λexc. = 490 nm) of a 0.2 

wt. % SRG-PVA film without the donor CS. e) Time-resolved emission decay profiles of CS-PVA 

hybrid films with different wt. % of SRG showing a quenching of the CS triplet lifetime with 

increasing percentage of the SRG (λexc. = 355 nm, λmonitored = 532 nm).  
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Figure 3.2.7. a) Fluorescence decay (λexc. = 373 nm, λmonitored = 440 nm, τavg. of donor changes 

from 11.23 ns (pure CS) to 10.39 ns (doped with SRG)) and b) delayed fluorescence decay (λexc. 

= 355 nm, λmonitored = 440 nm, τavg. of donor changes from 2.27 s (pure CS) to 0.75 s (doped with 

SRG)) of CS-PVA hybrid film with and without the SRG doping. In both cases, 10 wt. % SRG 

(with respect to CS) was used as the acceptor dopant. c) Gated emission spectra (delay time = 1 

ms) of pure 0.2 wt. % SRG-PVA (with respect to the amount of PVA) hybrid films (λexc. = 350 

nm) and CS-PVA hybrid films doped with 10 wt. % of SRG (with respect to the amount of CS) 

upon direct (λexc. = 545 nm) and indirect excitation (λexc. = 350 nm) of the acceptor. d) Steady 

state and gated (1 ms delay time) emission spectra of 0.2 wt. % SRG-PVA hybrid film (λexc. = 490 

nm) showing no delayed component. e) Florescence decay profile of 0.2 wt. % SRG-PVA hybrid 

film at 560 nm (λexc. = 480 nm, τavg. = 4.3 ns). IRF = instrument response function. f) Normalized 

emission spectra of 0.2 wt. % SRG-PVA hybrid film without donor along with its neat film state 

showing reduced aggregation in PVA film (λexc. = 490 nm). 

The predominance of the TS-FRET mechanism in the present study is further reiterated 

from the calculated Förster radius of both SS-FRET and TS-FRET pathways. In Table 3.2.2, 

energy transfer parameters are summarized. The smaller Förster radius for singlet-singlet FRET 

i. e.  RF (S-S) is a direct manifestation of poor quantum yield of the fluorescence and smaller 

overlap integral. The physical significance of such observation can be explained in terms of 

relative FRET efficiencies. Form the calculated FRET radii of both the competing processes, the 

S-S FRET efficiency will be poor especially when the distance between donor-acceptor is high 

and randomly oriented in the polymer matrix (such as our present system). Thus, we have 

observed the triplet to singlet energy transfer from the CS phosphorescence to two fluorescent 

acceptor dyes, SRG and SR101, with good efficiency (> 65 % in both cases with 10 wt. % of 
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acceptor loading), resulting in unprecedented long-persistent red and yellow delayed 

fluorescence, respectively, under ambient conditions.    

Table 3.2.2. Förster Radius Calculation. 

Acceptor 
𝐽𝜆 (S-S) 

nm4M-1cm-1 

 

𝐽𝜆 (T-S) 

nm4M-1cm-1 

 

RF (S-S) 

Å 

 

RF (T-S) 

Å 

 

SRG 1.48 x 1015 3.12 x 1016 25.6 60.5 

SR101 2.54 x 1014 3.03 x 1016 19.0 42.2 

The Förster Radius (RF) is calculated according to equation 3.2.[10] 

𝑅𝐹 = 0.211 × √𝜅2𝑛−4𝛷𝐷𝐽𝜆6
    (in  Å)                                                                                   (3.2) 

In equation 3.2, κ represents the orientation factor of a molecular dipole, ΦD is quantum 

yield of the donor, n is the refractive index of the polymer host (PVA) in the wavelength range 

of interest (400-700 nm), and Jλ is the overlap integral between donor emission and acceptor 

absorption. Jλ is calculated from the normalized emission spectrum of the donor with a molar 

extinction co-efficient (ε) of the acceptors. Here, ΦD (Phosphorescence) = 0.234, ΦD 

(Fluorescence) = 0.022, κ = 0.476 (randomly oriented and well-separated dipoles during the 

transition), n = 1.48, 𝐽𝜆 were calculated from a|e 1.2 FluorTools software.[12] 

3.2.5. Afterglow Hybrids as Encryption Materials 

 

Figure 3.2.8. a) Transmittance spectra and b) corresponding photographs (taken under daylight) 

of CS-PVA (2 wt. % with respect to PVA), 10 wt. % SRG-CS-PVA, 10 wt. % SR101-CS-PVA 

(10 wt. % SRG or SR101 with respect to CS) dropcasted thin films, displaying their highly 

transparent nature. c) Demonstration of afterglow ink with unique ambient stability and solution-

processability: Letters “JNCASR” (Institute Name) written using the viscous liquids of the 

hybrids on a plain paper under UV excitation (365 nm) and subsequent afterglow upon removing 

the light source. CS-PVA (letters J and R), CS-SRG-PVA (letters C and S) and CS-SR101-PVA 

(letters N and A).  
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These multi-chromophoric assemblies anchored to PVA films are excellent with respect 

to their high transmittance, colour-tunability and ambient afterglow characteristics which are 

stable for months (Figure 3.2.8 and 3.2.9). The viscous nature of the chromophore-PVA hybrids 

facilitates the drop-casting as well as its use as inks to coat or write on various substrates such as 

glass and paper, which upon drying can be used for encryption purposes. In order to demonstrate 

this unique ambient-stability and solution processability features of these afterglow hybrids, six 

letters of “JNCASR” (institute name) were written on plain paper. The letters were written with 

different afterglow hybrid solutions; CS-PVA (letters J and R), CS-SR101-PVA (letters N and 

A) and CS-SRG-PVA (letters C and S). Upon excitation with 365 nm UV light, the letters J, N, 

C, A, S and R exhibited white (due to blue fluorescent background and weak blue fluorescence 

of CS), red, yellow, red, yellow and white luminescence, respectively. When the light source was 

switched off, a clear visible afterglow emission appeared from these letters with a differential 

lifetime depending on its phosphorescence or delayed fluorescence origin (Figure 3.2.8c, Video 

3.2.1).    

 

Figure 3.2.9. Normalized steady state and gated spectra of a) CS-PVA (2 wt. % with respect to 

PVA), b) 10 wt. % SRG-CS-PVA and c) 10 wt. % SR101-CS-PVA (10 wt. % SRG or SR101 

with respect to CS) films shown in Figure S15b, when excited at the visible wavelength (λexc.= 

430 nm and delay time = 5 ms in all cases); d) photographs of afterglow emission from these 

films is obtained by the visible light excitation using a cell phone flashlight. 
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Interestingly, since CS absorbs in the visible range (400-450 nm), afterglow emission 

could also be observed with excitation by low-intensity sources like common cell phone 

flashlights as demonstrated with the glass slides drop-casted with these hybrids (Figure 3.2.9 and 

Video 3.2.2). Such visible light excited afterglow is rare in purely organic systems and potentially 

useful for various applications.[13] Further the donor molecules could be easily synthesized in 

gram scales and hence practically suitable for large-area coating on various substrates. Thin films 

(6 cm x 6 cm) of these afterglow hybrids are even self-standing and flexible as demonstrated in 

Figure 3.2.10. Remarkably, stretching or folding of these self-standing films hardly affected the 

afterglow emission (Video 3.2.3) and are stable for months even in air. To the best of our 

knowledge, such kind of ambient and solution-processable materials from purely organic systems 

is unprecedented. 

 

Figure 3.2.10. Demonstrations of the solution processability, self-standing and ambient 

afterglow properties from SRG/SR101 doped CS-PVA hybrid films (λexc. = 365 nm). 

3.2.6. Conclusions 

In conclusion, we have demonstrated colour tunable organic afterglow fluorescence from 

the metal-free organic systems by an unprecedented triplet-singlet Förster-type energy transfer 

(TS-FRET) process. TS-FRET from a long-lived organic phosphor to fluorescent acceptor by 

their co-assembly in the polymer matrix, results in delayed sensitization of the acceptor singlet 

to realize the persistent fluorescence, the wavelength of which could be tuned by the appropriate 

choice of acceptor dyes. The unique solution processability and ambient stability of these 

afterglow hybrids have been displayed by the drop-casting on the glass substrates, 

writing/painting on the paper surfaces and by the self-standing nature of the dye-doped polymer 

films. Furthermore, the red-emitting afterglow/long-persistent delayed fluorescence achieved 

here is relatively unexplored and offers a lot of potential applications as NIR-emitting afterglow 

materials in bio-imaging and lighting devices. As a perspective, the phosphorescence energy 
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transfer and consequent delayed fluorescence presented here provide great opportunities to 

achieve tunable long-persistent fluorescent from well-known dyes without tedious molecular 

engineering and synthetic efforts. 

3.2.7. Experimental Section 

3.2.7a. 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 Edinburgh 

FLS1000 spectrometer. 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 at 

high concentrations. 

Lifetime and quantum yield measurements: 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 was obtained in the same instrument using 355 nm LED laser 

diode (spectraLED). Gated emission was measured on FLS1000 spectrometer, Edinburgh 

Instruments equipped with a micro flash-lamp (µF2) set-up. Quantum yield was measured using 

an integrated sphere in the same instrument. 

3.2.7b. Materials: SRG and SR101 were purchased from Sigma-Aldrich. Polyvinylalcohol 

(MW = ~85,000-1,24,000 ~90 % hydrolysed) was obtained from SDFCL, India.  

3.2.7c. Protocol for Dye-polymer Hybrids Sample Preparation: First a stock solution of PVA 

was prepared by heating 0.5 g of the polymer in 10 ml of distilled water for 3 hours under stirring 

conditions. CS-PVA hybrids were prepared by adding appropriate amount of CS to 1 ml of PVA 

stock solutions (for example, for 2 wt. % CS-PVA 1 mg of CS is used) followed by sonication 

and heating the solution 60 ºC for 5 minutes to get a clear solution. For samples to study energy 

transfer, appropriate amount of either SR101/SRG aqueous solutions was added to 2 wt. % CS-

PVA hybrid solutions and heated at 60 ºC for few minutes until it becomes a transparent solution. 

All these samples were then drop-casted on a clean glass substrate followed by drying under 

vacuum at 60 oC to make the corresponding hybrid films. 
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Chapter 3.3 

Temporally-pure White Afterglow Using Complementary 

Blue and Greenish-Yellow Ultralong Room Temperature 

Phosphors* 

 

Abstract 

In this Chapter, we show an unprecedented ambient white afterglow phosphorescence 

emission with colour purity during the entire period of delayed emission, after the cessation of 

excitation source. Such temporal-purity from organic materials has not been achieved 

previously, due to the different excited state lifetimes of constituting primary or complementary 

components. Here, we demonstrate a remarkable, ambient “temporally pure white afterglow’, 

which lasts for over 7 seconds, by co-organizing complementary blue and greenish-yellow 

organic room temperature phosphors with similar ultralong lifetimes and efficiency, in an 

amorphous polymer film.  We also report, one of the most efficient amorphous state deep-blue 

afterglow emitting room temperature phosphor, with ultralong lifetime up to 2.26 s and maximum 

quantum efficiency of 17.5 %, from purely organic triazatruxene (TAT) molecule en route to the 

realization of this white afterglow. Further, broad and complementary absorption features of the 

co-organized phosphors in the visible region facilitates an excitation dependent dynamic colour-

tuning of the afterglow from sky-blue to greenish-yellow. 

 

 

 

 

 

 

*Manuscript based on this work has been published in Adv. Funct. Mater. 2020, 30, 2003693. 
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3.3.1. Introduction 

Luminescence afterglow from ultralong-lived excited states generates emission for a 

longer duration of seconds to hours, even after the termination of excitation process. This 

fascinating emission phenomenon has great potential in unique applications such as in night-

vision lighting, signage or displays as a sustainable energy source, in bio-imaging to eliminate 

autofluorescence from cell components and in security protection.[1-4] However, until recently, 

the afterglow emission could be realized only with rare-earth element doped inorganic phosphors 

which suffers from heavy-metal toxicity and poor processability.[5] In this respect, the recent 

success with organic phosphors exhibiting ultralong room temperature phosphorescence (URTP 

or afterglow RTP) provides a promising alternative with solution processability, versatile 

structural design for tunable emission and low cost.[6] However, design of highly efficient organic 

URTP emitters under ambient conditions, still remains as a grand challenge  due to its weak spin-

orbit coupling (SOC) efficiency and the non-radiative dissipation of triplets via vibrational and 

oxygen quenching, which limits the generation of long-lived triplet states.[7] Ambient afterglow 

phosphorescence has been achieved in organic molecules via the restriction of the molecular 

motions by the crystallization of phosphors[8a] or by embedding the phosphors in amorphous 

polymer matrices[8b-c] or in the cavities/inter-layer galleries of host molecules/materials.[8d] Very 

recently, new molecular designs and photophysical processes have also been proposed to achieve 

organic afterglow such as donor-acceptor thermally activated delayed fluorescence (TADF) 

exciplexes,[9]  and by the delayed sensitization of singlets via phosphorescence energy transfer 

process (Shown in Chapter 3.2).[10] Yet, most of the URTP organics reported till date, exhibit 

only green and yellow afterglow emission and blue, red or white long-persistent emission are 

seldom reported.[3a,6a,8a]  

White-light emitting organic materials have attracted continued attention for many 

practical applications including panel displays and lighting devices.[11] Molecular designs for all 

organic white-light fluorescent materials are well established, using multi-component 

systems/assemblies with either two complementary colours (blue and yellow) or three primary 

colours (red, green and blue).[11,12] However, equivalent white-light emitting organic phosphors 

and especially afterglow materials are very difficult to accomplish as it would require multiple 

phosphors with either complementary or primary emission colours with ultralong lifetime which 

is challenging for a field in its infancy.[1a,8a] Another problem with this multi-component approach 

would be the different delayed emission lifetimes of the individual components, that can cause 

the change in the colour of white afterglow with delay time.  In this respect, Vacha and co-

workers have attempted white -afterglow, using a single component emitter with dual long-lived 
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emission features from its triplet state (red emissive) and singlet state (cyan emissive) exhibiting 

ultralong TADF.[13] However, a rational molecular design of TADF emitters with dual emission 

features having similar long lifetime and high efficiency would require fine modulation of 

singlet-triplet gap and hence would be a daunting task.[14] Similarly, Tang and co-workers have 

attempted white RTP with single component exhibiting dual phosphorescence emission by 

exploiting a high-lying triplet (T2) emission along with the phosphorescence from T1 states.[15] 

However, the fast decay of T2 states (τavg. = 0.41 ms) hampered the white colour purity during the 

time phase of afterglow to result in a yellow afterglow exclusively from the T1 state (τavg. = 123.4 

ms). In this work, we proposed that ambient white afterglow with temporal colour purity can be 

obtained by a multi-component assembly of multiple URTP-emitting phosphors with similar 

lifetime and quantum yield. Though very recently, Zhao and co-workers have elegantly 

demonstrated an excitation wavelength dependent multi-colour afterglow by conjugating 

ultralong lived multiple phosphors into a co-polymer, white afterglow could not be 

accomplished.[16] In this Chapter, we show an unprecedented ambient white afterglow with 

exceptional temporal colour purity. In addition, exploiting the complementary absorption profiles 

of these CS-TAT-PVA hybrids, we have further demonstrated an excitation-dependent multi-

colour afterglow emission.[16] 

3.3.2. Design Strategy and Synthesis 

We exploited two afterglow emitters with complementary colours (blue and greenish-

yellow) that exhibit monomer state room temperature phosphorescence when anchored to 

polyvinylalcohol (PVA) host matrix to obtain white afterglow (Figure 3.3.1). Previously studied 

coronene tetracarboxylate (CS)-PVA hybrids act as the greenish-yellow emitting component 

with high phosphorescence quantum efficiency (~25 %) and long-lifetime (~2.5 s) in air. On the 

other hand, a new heteroatom (nitrogen) containing rigid polyaromatic hydrocarbon, 

triazatruxene (TAT) was used as the complementary blue component. Amorphous PVA films of 

TAT exhibit deep-blue-emitting afterglow (τavg.  = 2.26 s) with Commission International de 

l՚Eclairage (CIE) colour co-ordinates of (0.15, 0.06). It is worth mentioning that, TAT-PVA 

hybrid is one of the most efficient amorphous state, deep-blue emitting phosphorescent system 

known till date with a phosphorescence quantum yield (ΦP) of 17.5%. [16-18] Having shown a 

successful demonstration of efficient deep-blue afterglow, we later prepared multi-component 

amorphous PVA hybrid films of TAT and CS, to achieve “temporally-pure” ambient white-

emitting afterglow with the CIE colour co-ordinates of (0.29, 0.33) (Figure 3.3.1). 
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Figure 3.3.1. a) Molecular structures of organic phosphors (TAT and CS) and the polymer host 

(PVA) studied in this work. b) Schematic representation of multi-component PVA hybrids non-

covalently anchored with blue and greenish-yellow phosphor molecules. c) Proposed Jablonski 

diagram for white phosphorescence and excitation-dependent URTP under ambient conditions. 

TAT and CS undergo deep-blue and greenish-yellow ultralong room temperature 

phosphorescence (URTP) in air when anchored to PVA individually. On the other hand their co-

organized films show temporally-pure white emission while excited at 346 nm along with a 

dynamic multi-color afterglow from sky-blue to greenish-yellow while excited at 290 nm and 370 

nm, respectively. 

We envisaged that triazatruxene (TAT) molecule with its planar structure and with three 

-NH groups from its carbazole substructure and having a high triplet energy (2.85 eV) would be 

an ideal system to harvest deep-blue phosphorescence.[19] The heteroatoms in carbazole moiety 

are shown to promote intersystem crossing (ISC) via activating n-π* transitions in the classical 

works of Lewis and Kasha to yield blue phosphorescence under cryogenic conditions,[20] and 

more recently its ambient triplet harvesting has been achieved by Zhao and co-workers via H-

bonding induced diluted confinement of carbazole derivatives in PVA matrix.[17c] Although, 

twisted donor-acceptor derivatives with TAT core, were exploited recently for TADF molecular 

design, TAT or its derivatives are hitherto un-explored for the URTP under ambient 

conditions.[19] In this chapter, TAT-PVA hybrids are first investigated for realizing ambient blue 
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phosphorescence. TAT is expected to exhibit non-covalent interactions with the pendant 

hydroxyl groups of PVA host via H-bonding interactions to minimize vibrational dissipation of 

the triplets in the resulting processable hybrids.[21] TAT was synthesized in gram scale from 

oxindole in moderate yields and was characterized by 1H, 13C NMR spectroscopy and high 

resolution mass spectrometry (see experimental section).  

3.3.3. Deep-blue Phosphorescence from TAT 

3.3.3.1. Photophysical Properties of TAT in Solution-state 

 

Figure 3.3.2. a) Normalized absorption, steady-state (room temperature) and gated emission 

(phosphorescence, 77 K) spectra of 0.05 mM TAT dissolved in MeOH (λexc. = 330 nm, delay time 

= 5 ms). Time-resolved b) fluorescence (at room temperature, λexc. = 340 nm, λmonitored = 380 nm, 

τavg. = 4.8 ns) and c) phosphorescence (at 77 K, λexc. = 330 nm, λmonitored = 450 nm, τavg. = 1.52 s) 

decay profiles of 0.05 mM TAT in MeOH. d) Commission International de l՚Eclairage (CIE) 

colour co-ordinates of TAT phosphorescence in MeOH at 77 K ([TAT] = 0.05 mM). 

TAT is molecularly dissolved in methanol solvent (0.05 mM), as evident from its 

emission spectrum exhibiting strong fluorescence (λexc. = 330 nm, λmax. = 378 nm, Figure 3.3.2a) 

with sharp vibrational features with an average lifetime of 4.8 ns (λexc. = 340 nm, λmonitored = 380 

nm, Figure 3.3.2b). As expected, TAT in methanol solution did not show any phosphorescence 

at room temperature due to the fast vibrational and rotational quenching of the triplet states. 

300 400 500 600
0.0

0.5

1.0

 Emission

  Steady State

  Gated (77 K)

  Absorption

A / Iem

(a. u.) 

 / nm

Solution State

0 10 20 30 40 50
10

0

10
1

10
2

10
3

 IRF

 Decay

I

/ Counts

t / ns

0 2 4 6 8 10
10

0

10
1

10
2

10
3

10
4

 Phosphorescence 

       Decay (450 nm)

t / s

I

/ Counts

X

Y

a) b)

c) d) 0.9

0.6

0.3

0.2 0.4 0.6 0.8
0

0

TAT - 77K (0.15, 0.05)



Temporally-pure White Afterglow Phosphorescence 

 
 

 
 

 
107 

 

  

However, glassy matrix of the same solution at 77 K showed promising ultra-long blue 

phosphorescence with an average lifetime of 1.52 s and with afterglow characteristics (λexc. = 330 

nm, λmonitored = 450 nm, Figure 3.3.2a-c). Further, the sharp vibrational features of the time-gated 

emission spectrum (delay time = 5 ms) at low concentration (0.05 mM) reiterates the 

monomericorigin of phosphorescence in the deep-blue region of the visible spectrum with 

Commission International de l՚Eclairage (CIE) color co-ordinates of (0.15, 0.05) (Figure 3.3.2d). 

The calculated lowest excited singlet (S1) – triplet (T1) energy gap of TAT was reasonably low 

(0.36 eV), to assist an efficient ISC and subsequent phosphorescence emission if the vibrational 

quenching of triplet is minimized in rigid environments (Figure 3.3.2a).  

3.3.3.2. Deep-blue Emitting TAT-PVA Afterglow Hybrids at Room 

Temperature 

 

Figure 3.3.3. a) Steady-state and gated emission spectra of TAT in neat film state (λexc. = 330 

nm, delay time = 100 µs). b) Fluorescence decay profile of TAT in neat film state monitored at 

430 nm (λexc. = 340 nm, τavg. = 3.16 ns). c) Emission spectra (λexc. = 330 nm) and d) 

phosphorescence decay profile of TAT-PVA hybrids with varying composition showiing 

decreasing intesity with increasing dye component in the PVA matrix. (λexc. = 340 nm, λmonitored = 

450 nm, τavg. = 2.26 s and 0.27 s for 1 wt. % and 5 wt. % TAT-PVA compositions, respectively). 

Inset of 3.3.3d shows fluorescence decay profile of 1 wt. % TAT-PVA hybrid film monitored at 

380 nm (λexc. = 340 nm, τavg. =13.3 ns). 
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At first we attempted to stabilize the room temperature phosphorescence (RTP) from 

TAT by minimizing the vibrational dissipation in neat solid films. However it was not successful, 

due to aggregation induced emission quenching of excited states as expected from large π-

conjugated molecules (Figure 3.3.3a and 3.3.3b). Thus, next we attempted the rigidification of 

TAT chromophores in its isolated or dispersed state by the H-bonding directed anchoring to the 

pendant hydroxyl groups of the PVA chains, which would spatially separate the chromophores 

and will also minimize the vibrational dissipation of the triplets. Thus TAT-PVA hybrid films 

with different weight percentages of TAT (wt. %) with respect to PVA (1-10 wt. %) were 

prepared by adding appropriate volumes of a methanol solution of TAT (x mg/ml) to aqueous 

solution of PVA (100 mg/ml), followed by drop-casting on glass substrate and drying under 

vacuum at 60 ℃.  We have used 1 wt. % TAT-PVA film to perform detailed photophysical 

measurements as higher wt. % of TAT has resulted in emission quenching probably due to the 

inter-chromophoric interactions (Figure 3.3.3c and 3.3.3d). 

1 wt. % TAT-PVA hybrid film showed sharp absorption and steady state emission 

(fluorescence; λexc. = 330 nm, λmax. = 380 nm) spectral features with vibrational peaks similar to 

that of molecularly dissolved chromophores in dilute methanol solution (Figure 3.3.4a, Figure 

3.3.3d, inset). In addition, hybrid films exhibited enhanced fluorescence quantum yield (ΦF = 

35.3 %) compared to the negligible emission in neat films. These observations suggest towards 

the spatial isolation of TAT chromophores in PVA matrix which is envisaged to be due to the 

scaffolding of molecules via strong hydrogen-bonding interaction between the -NH (TAT) and -

OH (PVA) groups.[17,21] Remarkably, upon ceasing the excitation source (330 nm UV lamp), an 

intense deep-blue emission persisted over 10 seconds from TAT-PVA hybrid films, under 

aerated conditions suggesting ambient, ultra-long room temperature phosphorescence (Figure 

3.3.4b, Video 3.3.1). This is further evident from the time-gated (delay time = 5 ms) emission 

profile which shows pure-blue phosphorescence (ΦP = 17.5 %) with CIE colour co-ordinates of 

(0.15, 0.06) and a visible afterglow with an average lifetime of 2.26 s (λexc. = 330 nm, λmonitored = 

450 nm) (Figure 3.3.4c and 3.3.4d). Again, the spectral similarity of this amorphous state 

phosphorescence with that of the isolated monomers in glassy matrix (77 K) suggests the 

monomeric origin of afterglow TAT triplet emission. 

Ambient blue afterglow phosphorescence is considered as the holy grail in organic 

lighting materials and to the best of our knowledge, TAT-PVA hybrid in the present study is 

among the most efficient deep-blue emitting amorphous state ultralong room temperature 

phosphor (ΦP = 17.5 %). Most notable reports of amorphous phosphors include carbazole and 

polyphosphazene derivatives in PVA matrix (ΦP = 16-29%).[17]  On the other hand, blue-emitting 
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URTP molecules in crystalline state have been reported by Huang’s group with 2,4,6-trimethoxy-

1,3,5-triazine (ΦP = 31.2 %)[18b] and Tang’s group with benzophenone  derivatives (ΦP = 39.7 

%).[7a] It is worthwhile to mention that, unlike the crystalline phosphors exhibiting URTP through 

the intermolecular excitonic coupling between stacked chromophores, which simultaneously 

accelerate the ISC rate and reduce vibrational motions, the TAT-PVA phosphor presented here 

exhibit afterglow in its monomeric state and in an amorphous phase, thus not very sensitive to 

the molecular organization.[3a,10a,18b,21] Moreover, these derivatives can be synthesized with simple 

synthetic procedures and in large quantities and hence we envisage great potential for the 

triazatruxene-based blue phosphors in  solution-processable lighting devices. 

 

Figure 3.3.4. a) Normalized steady-state and gated emission spectra (delay time = 5 ms) of 1 wt. 

% TAT-PVA hybrid film excited at 330 nm (Inset: schematic illustration of TAT anchored PVA 

scaffold) and b) corresponding time-dependent photographs of blue afterglow phosphorescence 

(330 nm UV-excitation). c) Phosphorescence decay profile of the 1 wt. % TAT-PVA (λexc. = 330 

nm) monitored at 450 nm. d) Commission International de l՚Eclairage (CIE) colour co-ordinates 

of blue-emitting phosphorescence exhibited by TAT-PVA hybrid films at room temperature.  
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3.3.4. Temporally-pure White Afterglow 

 

Figure 3.3.5. a) Phosphorescence decay profile of 1 wt. % TAT-PVA (blue phosphor, λexc. = 330 

nm, λmonitored = 450 nm, τavg. = 2.26 s) and 0.1 wt. % CS-PVA (greenish-yellow phosphor, λexc. = 

340 nm, λmonitored = 530 nm, τavg. = 2.6 s) hybrid films showing similar average lifetimes. b) Gated 

phosphorescence spectra of 1 wt. % TAT-PVA (blue phosphor, λexc. = 330 nm, delay time = 5 

ms) and 0.1 wt. % CS-PVA hybrid films (greenish-yellow phosphor, λexc. = 340 nm, delay time = 

5 ms). Inset: Schematic illustration of CS-anchored PVA scaffold. c) Normalized steady-state, 

gated emission spectra (λexc. = 340 nm, delay time = 5 ms) and d) phosphorescence decay profile 

of 0.1 wt. % CS-PVA hybrid film (λexc. = 340 nm, λmonitored = 532 nm, τavg. = 2.6 s). e) Photographs 

of 0.1 wt. % CS-PVA hybrid film upon 340 nm UV-excitation and its greenish-yellow emitting 

long persistent emission when the source is turned off. Phosphorescence quantum efficiency of 

0.1 wt. % CS-PVA was observed to be 20.7 %, very similar in range as compared to 1 wt. % 

TAT-PVA (17.5 %). 

 

0 2 4 6 8 10
10

0

10
1

10
2

10
3

10
4

I

/ Counts

 TAT-PVA 

 CS-PVA 

t / s

400 500 600 700
0.0

0.5

1.0

 

 TAT-PVA 

 CS-PVA

Iem

(a. u.)

 / nm

400 500 600 700
0.0

0.5

1.0  Steady State

 Gated (5 ms)

 / nm

Iem

(a. u.)

0 2 4 6 8 10
10

0

10
1

10
2

10
3

10
4

 0.1 wt. % CS-PVA

I

/ Counts

t / s

C
S

-P
V

A

UV-On UV-Off 2 s 5 s 8 se)

a) b)

c) d)



Temporally-pure White Afterglow Phosphorescence 

 
 

 
 

 
111 

 

  

After demonstrating, ambient blue-emitting afterglow from solution-processable 

amorphous TAT-PVA hybrids, we further attempted the ambient white-afterglow 

phosphorescence, by co-assembling the TAT blue phosphor with a complementary greenish-

yellow phosphor in amorphous PVA matrix. An efficient white-afterglow would require similar 

triplet lifetime of both phosphors as different delayed emission lifetime of the components in the 

multi-phosphor hybrids would lead to temporal change in the afterglow emission wavelength, 

thus deviating from the pure white-light emission during the time-range of afterglow. Hence, the 

design of white afterglow materials with temporal colour purity has been a great challenge and 

are seldom reported.[13]  In that regard, previously studied ambient greenish-yellow afterglow 

phosphorescence from CS-PVA hybrid was envisaged to be an ideal complementary colour-

component for TAT-PVA blue phosphor (phosphorescence spectral range 400-550 nm), as CS 

covers both green and red wavelengths of the visible spectrum with excellent phosphorescence 

intensity and high lifetime (phosphorescence spectral range 500-700 nm, ΦP ~ 25 %, τavg. ~ 2.5 

s) (Figure 3.3.5a and 3.3.5b).[10a] Notably, the combination of CS and TAT embedded in PVA 

matrix is an ideal choice in order to obtain temporally-pure white-light afterglow considering 

their similar persistent phosphorescence lifetime and quantum efficiency (Figure 3.3.5a-e and 

Video 3.3.2).  

First, a titration experiment was performed with varying amount of doped CS in 1 wt. % 

of TAT-PVA hybrid to identify the right composition of phosphors to extract afterglow (see 

experimental section) (Figure 3.3.6). Interestingly, TAT-PVA films doped with 10 wt. % CS 

with respect to the concentration of TAT component when excited with 346 nm light, showed 

white-light emitting phosphorescence with excellent quantum efficiency (ΦP = 15.8 %) and CIE 

colour co-ordinates of (0.29, 0.33) (Figure 3.3.7a-c, Video 3.3.3). Further, these films exhibited 

clear white afterglow features persisting over 7 seconds upon removing the excitation source. 

Time resolved emission spectra of the hybrid film recorded at different delay times showed 

similar phosphorescence spectral features suggesting an unprecedented “temporal colour-purity” 

of the white afterglow due to the similar phosphorescence lifetime possessed by its two 

complementary phosphors (CS and TAT) (Figure 3.3.7c and Figure 3.3.8). Remarkable ambient 

white afterglow without temporal changes in emission wavelength is evident from the constant 

CIE colour co-ordinates at different time intervals during the afterglow (Figure 3.3.7d). Previous 

attempts to achieve white afterglow in pure organic systems was based on single component 

phosphors by harvesting additional high energy, long-lived excited state emission such as 

TADF[13] or higher lying triplet (T2) emission in combination with the triplet (T1) 

phosphorescence.[15] However, different lifetime of these long-lived states and interdependency 
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Figure 3.3.6. Excitation dependent ultralong phosphorescence profile and corresponding 

Commission International de l՚Eclairage (CIE) colour co-ordinates of TAT-PVA hybrid films 

doped with (a, b) 10 wt. %, (c, d)  1 wt. % and (e, f) 20 wt. % CS (amount of CS is with respect 

to TAT) showing the linear trajectory of the colour modulation. In all cases 5 ms delay time was 

used. Arrows in figure 3.3.6a, indicate the phosphorescence spectra corresponding to sky-blue, 

white and greenish-yellow emission when excited at 290 nm, 346 nm and 370 nm, respectively. 
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Figure 3.3.7. a) Time dependent  emission spectra (delay time = 1s, 2s and 3.5 s) during 

afterglow time period and b) corresponding CIE colour co-ordinates of CS doped TAT-PVA 

hybrid showing a “temporal purity” of white afterglow phosphorescence after the excitation 

source at 346 nm is turned-off.  c) Photographs of CS-TAT-PVA hybrid film (with 10 wt. % CS 

doping) under different excitation wavelengths (λexc. = 290 nm, 346 nm and 370 nm) showing 

clear color-tunable afterglow upon turning-off the source including the temporally-pure white-

afterglow phosphorescence emission (middle column). 

of the photo-physical processes from excited electronic landscape of single system would lead to 

differential decay of the two afterglow emission to result in changes in the afterglow colour with 

time. Hence, we demonstrate that temporal colour purity of white URTP from organic systems 

can be maintained during the entire time period of afterglow using two complementary long-

lived phosphors with similar lifetime and quantum efficiency (Figure 3.3.4 and Figure 3.3.5). 

This unprecedented white afterglow system is also benefited from the absence of any Förster 

Resonance Energy Transfer (FRET) process between the two phosphors, due to the minimal 

spectral overlap between them.   
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Figure 3.3.8. Phosphorescence decay profile of 10 wt. % CS doped TAT-PVA film monitored at 

450 nm and 530 nm (λexc. = 346 nm). Average lifetime of TAT (2.2 s) and CS (2.48 s) in this 

hybrid is observed to be of similar magnitude. 

3.3.5. Excitation Dependent Colour-tunable Afterglow 

 

Figure 3.3.9. Normalized absorption spectra of 0.05 mM TAT (in MeOH) and 0.1 mM PVA (in 

water). The indicated wavelengths are showing differential absorption co-efficient of these two 

chromophores. 

Since the absorption profiles of the two constituting phosphors, CS and TAT, in the 

multi-component PVA hybrid show clear differences in the 250-400 nm region, we further 

envision the realization of a tunable persistent phosphorescence from these hybrids with multiple 

excitation wavelengths (Figure 3.3.9). Apart from the white afterglow obtained from the 

excitation at 346 nm, where both phosphors have significant optical density, excitation at 290 

nmwhere CS has weaker absorption as compared to TAT, resulted in sky-blue emitting afterglow 

(Figure 3.3.7c and 3.3.6a). The clear visible sky-blue afterglow with a CIE colour co-ordinates 

of (0.22, 0.21) persists over 7s after the removal of light-source (λexc. = 290 nm, delay time = 5 

ms) (Figure 3.3.7c, left column, Figure 3.3.6b and Video 3.3.4). On the other hand, the ambient 

long-lived phosphorescence changed to greenish-yellow when the excitation wavelength of >350 
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nm is used, where TAT has negligible absorption (Figure 3.3.7c and 3.3.6a). The greenish-yellow 

phosphorescence with CIE colour co-ordinates of (0.41, 0.54) (λexc. = 370 nm, delay time = 5 ms) 

(Figure 3.3.7c, right column, 3.3.6b and Video 3.3.5) exhibited an afterglow for 7s upon removal 

of the light-source. The excitation dependent nature of the afterglow in these hybrids is clearer 

from the corresponding phosphorescence spectra recorded under ambient conditions (Figure 

3.3.6). Variation of excitation wavelength from 290 to 370 nm, showed clear change in the 

emission contributions from different components moving from blue to green. Further the 

remarkable colour variation of the afterglow from CS-TAT-PVA hybrids is very evident from 

the CIE coordinates, which revealed a gradual linear change from blue to greenish-yellow upon 

changing the excitation from 290 nm to 370 nm (Figure 3.3.6b). Excitation dependent afterglow 

could also be tuned by modulating the composition of the components in the hybrid films (Figure 

3.3.6c and 3.3.6d). 

3.3.6. Conclusions 

  In summary, we have demonstrated an ambient white ultralong phosphorescence in 

amorphous phase, by the co-anchoring of complementary blue and greenish-yellow room 

temperature organic phosphors into a polymer matrix.  The resultant white afterglow with the 

CIE co-ordinates of (0.29, 0.33) exhibited an unprecedented temporal colour purity as evident 

from the time-resolved emission spectra and constant CIE co-ordinates with various delay times, 

which is achieved by the similar ultralong lifetimes and quantum efficiencies of both phosphor 

components. White afterglow with temporal colour purity was made possible by the design of 

blue-URTP materials from structurally simple triazatruxene (TAT) doped in amorphous PVA 

films, to result in one of the most efficient organic deep-blue emitting afterglow phosphors in air, 

with maximum quantum efficiency of 17.5 % and long lifetime over 2.2 s, reported till date under 

similar experimental conditions. An aromatic coronene derivative (CS) with carboxylate 

functional groups, recently reported from our group, has been used at the complementary 

greenish-yellow URTP phosphor. The hydrogen-bonding as well as ion-dipole interaction with 

the polar hydroxyl groups of PVA, successfully isolate and rigidify these phosphor molecules 

and result in narrow-bandwidth monomer triplet emission. Further an excitation wavelength 

dependent dynamic multi-colour afterglow could also be demonstrated from these multi-

component amorphous films, by exploiting the differential absorption profiles of TAT and CS.  

Afterglow materials presented here are envisioned to find applications in state-of-the art bio-

imaging, anti-counterfeiting, information storage or multicolor display because of their unique 

processability, ambient stability and scalable synthesis. 
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3.3.7. Experimental Section 

3.3.7a. 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 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 at FLS1000 

spectrometer, Edinburgh Instruments. 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 at high concentrations. 

Lifetime and quantum yield measurements: Fluorescence lifetimes were performed on a 

FLS1000 spectrometer, Edinburgh Instruments by time-correlated single-photon-counting 

(TCSPC) method. A 340 nm LED 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 and gated emission was measured on 

FLS1000 spectrometer, Edinburgh Instruments equipped with a micro flash lamp (µF2) set-up. 

Quantum yield was measured using an integrated sphere equipped with the same instrument. 

Time-resolved emission spectra was measured between 400-680 nm emission wavelength region, 

using a micro-flash lamp by exciting the thin film at 346 nm. The data obtained here was 

deconvoluted in the same FLS1000 spectrometer in order to obtain the delay times of 1-3.5 s. 

High Resolution Mass Spectrometry (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

3.3.7b. Protocol for Dye-polymer Hybrids Sample Preparation: First, a stock solution of PVA 

was prepared by heating 0.5 g of the polymer in 10 ml of distilled water for 3 hours under stirring 

conditions. a) TAT-PVA hybrids were prepared by adding appropriate amount of TAT 

(dissolved in MeOH) to 1 ml of PVA stock solutions (for example, for 1 wt. % TAT-PVA 0.5 

mg of TAT is used) followed by sonication and heating the solution at 60 ºC for 5 minutes to get 

a semi-transparent solution. b) For samples to study excitation dependent URTP, appropriate 

amount of CS aqueous solutions were added to 1 wt. % TAT-PVA hybrid solutions and heated 

at 60 ºC for few minutes until it becomes a homogeneous suspension. All these samples were 
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then drop-casted on a clean glass substrate followed by drying under vacuum at 60 ºC to make 

the corresponding hybrid films. 

3.3.7c. Synthetic Schemes and Procedures 

Materials: Oxindole, phosphorous oxychloride, methyl iodide, potassium carbonate and 

solvents were purchased from Spectrochem; tetrabutylammonium iodide (TBAI), 2-Chloro-N,N-

dimethyl ethylamine hydrochloride and sodium hydride were purchased from Sigma-aldrich and 

used without further purification. 

Synthetic Scheme:  

 

Scheme 3.3.1. Synthetic scheme for TAT.  

Synthetic Procedure: 

CS was synthesized according to literature procedure.[22] TAT was synthesized according to 

literature procedure with some modifications.[23] 

Synthesis of TAT: A mixture of 2-oxindole (3 g, 22.55 mmol) and phosphoryl chloride (15 mL, 

65 mmol) were taken in 100 mL round bottom (RB) flask under N2 atmosphere. The reaction 

mixture was then stirred at 100 °C for 8 hours to obtain a dark brown suspension. The resulting 

suspension was poured into ice-water and stirred at room temperature for additional 12 hours. 

The dark green suspension was then slowly (highly exothermic reaction) neutralized completely 

with 10 % aqueous NaOH and filtered. The obtained green residue was dried under vacuum oven 

at 70 °C and further purified by 100-200 mesh silica-gel column chromatography by using 

mixture of solvent 30 % ethyl acetate in hexane. The obtained pale brown solid was recrystallized 

in 20 mL of acetone to get crystalline off-white solid as a desired compound (triazatruxene, TAT). 

TAT: Off-white solid (yield: 18 %); 1H NMR (400 MHz, DMSO-d6, ppm): δH 11.86 (s, 3H), 8.67 

(d, 3H, J =7.6 Hz), 7.72 (d, 3H, J = 7.6 Hz), 7.41-7.31 (m, 6H); 13C NMR (100 MHz, DMSO-d6, 
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ppm):δC 138.5, 133.7, 122.4, 122.2, 119.8, 119.0, 110.9, 100.5; HRMS (APCI): m/z calculated 

for C24H15N3: 345.1266: observed 346.1427 [M+H]+.  

 

Figure 3.3.10.  1H NMR spectrum of TAT in DMSO-d6. 

 

 

 

 

Figure 3.3.11. 13C NMR spectrum of TAT in DMSO-d6. 
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Figure 3.3.12. APCI-HRMS spectrum of TAT. 
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Chapter 4 

Aqueous Phase and Ambient Room Temperature 

Phosphorescence via Supramolecular Self-assembly* 

 

Abstract 

Solution state room temperature phosphorescence (RTP) from purely organic 

chromophores is rarely achieved. In this Chapter, we showed remarkable stabilization of triplet 

excitons to obtain aqueous phase green and deep-red phosphorescence under fully ambient 

conditions by a unique supramolecular hybrid assembly between inorganic laponite (LP) clay 

and bromine (heavy-atom) containing aromatic carbonyl compounds. Structural rigidity and 

oxygen tolerance of the inorganic template along with controlled molecular organization via 

supramolecular scaffolding are envisaged to alleviate this unprecedented aqueous phase 

phosphorescence. 
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4.1. Introduction 

Room temperature phosphorescent materials based on purely organic molecules have 

attracted much attention recently as an alternative to expensive, rare and toxic metal based 

organometallic phosphors.[1] However, most of the organic systems are not efficient phosphors 

as they are susceptible to vibrational and oxygen-mediated quenching of their triplets.[2] This 

point thus also explains the fact that most efficient organic RTP have been reported in crystal 

state which minimizes the non-radiative quenching of triplet excitons by providing a rigid 

network and a barrier for oxygen diffusion.[3] However it poses concerns over the solution 

processability of these phosphorescent materials for applications in display devices and sensors. 

In this respect, solution-processable organic RTP materials are more advantageous mainly 

because they generally do not need any specific molecular packing unlike the crystalline 

systems.[4] With this objective, amorphous organic RTP materials have been recently designed 

by the incorporation of triplet-emitting phosphors into polymeric[5] and cage-like hosts.[6] In fact, 

in past couple of years, there has been a significant development in the area of solution-processed 

amorphous RTP materials and their successful translation into various optical sensing[7] and even 

electroluminescent devices[8] is particularly noteworthy. However, despite various examples of 

RTP in the crystalline and amorphous state, purely organic compounds showing RTP in solution 

state are still extremely rare[9] manly because of unmanageable vibrational and collisional 

quenching pathways available for the triplet deactivation. 

A supramolecular scaffolding approach,[10] with controlled and rigid organization of 

organic phosphors can be envisaged to be an efficient, alternative approach for the design of 

solution state RTP materials. In this respect, co-assembly of organic phosphors with an inorganic 

silicate template would be advantageous as latter’s structural rigidity and nanoscale periodicity 

can lead to well-organized chromophores with limited diffusional motion of both the components 

to minimize the vibrational quenching of triplets in solution state.[11] Further, oxygen tolerance of 

the inter-layer galleries of such organic-inorganic hybrids would be an added benefit to harvest 

phosphorescence even in presence of dissolved oxygen in the solvent.[12] We envision that a 

supramolecular hybrid co-assembly approach between soluble organic and inorganic components 

in solution would also render soft-hybrids with processable or amorphous nature.[13]  

In this chapter, we showed an ambient red phosphorescence from a core-substituted 

naphthalene diimide (NDI) derivative (BrNDI, Figure 4.1), using a unique organic-inorganic 

supramolecular scaffolding approach. It is worthwhile to mention, our core-substituted 

naphthalene diimide (BrNDI) design is in line with previously studied organic phosphors having 

multiple carbonyl groups and heavy-atom (Br) substitution in their π-conjugated backbone, to 



Aqueous Phase RTP in Supramolecular Microenvironments 

 
 

 
 

 
124 

 

  

generate high triplet density by efficient intersystem crossing (ISC). In fact, an electrostatically 

driven co-assembly of BrNDI phosphor with a water soluble inorganic silicate based nano-

template (Laponite, LP) gives RTP both in solution and solution-processed, transparent thin 

films. Remarkably, by virtue of the oxygen barrier characteristics of the microenvironments in 

these supramolecular assemblies, an unprecedented stabilization of phosphorescence in aqueous 

solution is observed. Our preliminary studies on unsubstituted naphthalene diimides (pNDI) also 

helped us understanding the self-assembly process as well as the importance of the heavy-atom 

effect in order to obtain such remarkable ambient stable RTP from the brominated naphthalene 

diimide (BrNDI). Such a simple self-assembly strategy require more substrate scope to validate 

its extension to other molecular systems and promising for the development of novel “aqueous 

phase” optical sensors and bio-imaging probes with limited synthetic efforts.[1c, 9c, 9d] Keeping this 

aspect in mind, we have also studied and successfully demonstrated a green-emitting aqueous 

phase RTP system (BrPhS) from a model bromoaldehyde compound, which has been already 

investigated in great detail as crystalline and amorphous state RTP emitter previously.[3a, 14] 

4.2. Design Strategy and Synthesis 

 

Figure 4.1. a) Molecular structures of pNDI, BrPhS and BrNDI and b) schematic diagram of 

Laponite (LP) structure. c) Schematic of the proposed ionic hybrid self-assembly of exfoliated 

LP nanoplates (by the wrapping of anionic polymer shown in blue color along the edges) and 

cationic chromophores in water. 
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The schematic representation and molecular structures of LP nanoparticles and the 

organic dyes are shown in Figure 4.1. In this work, we have used water soluble LP clay 

nanoplates as the inorganic scaffold, with monodisperse dimensions of 25 nm diameter and 0.9 

nm thickness.[15] These inorganic particles have a unique structure with orthogonally charged 

surfaces and edges, having negative and positive charges, respectively (Figure 4.1b).  LP 

particles can be exfoliated in aqueous solutions by neutralizing the positively charged edges with 

anionic polymer such as sodium polyacrylate, which prevent the electrostatically driven ‘‘House 

of Cards’’ packing of LP particles.[16] As a result, the negatively charged surface of LP can be 

used further for the electrostatic anchoring and co-assembly of complementary positively charged 

chromophores (Figure 4.1c).[17] Hence in order to promote an ionic self-assembly both the 

phosphors (BrNDI and BrPhS) were functionalized with quaternary ammonium cation groups 

and synthesized in good yields (see Experimental Section). Another important feature of these 

chromophores include the presence of aromatic carbonyl groups and Br-atoms in the core which 

were envisioned to promote efficient ISC. It is worthwhile to mention that, NDI and its core-

substituted derivatives have been well-studied for their remarkable fluorescence properties, their 

phosphorescence properties are rarely explored despite good ISC efficiencies in some 

derivatives.[18]  In this Chapter, we have also revisited the unsubstituted (parent) NDI derivative 

(studied previously in our group), pNDI and used as a model cationic system to investigate the 

hybrid co-assembly, whereas core-heavy atom (Br) substituted BrNDI-LP is designed to 

promote ISC and the subsequent stabilization of the triplets. On the other hand, the BrPhS has 

been studied to show the efficacy of our hybrid self-assembly approach as a generalized 

methodology for the development of future aqueous phase RTP systems. 

4.3. Previous Work on pNDI-LP Self-assembly 

4.3.1. Solution-state Self-assembly     

 Preliminary investigations on the hybrid co-assembly between pNDI and LP nanoplates 

and the resultant modulations in the molecular organization of NDI chromophores using 

spectroscopic and light scattering experiments were done previously, by Rao et al. in our 

laboratory.[19] Detailed titrations were performed in water by increasing the concentration of 

pNDI from 0.1 mM to 5.0 mM at a constant weight percentage of LP (2.25 wt.%). With 

increasing concentration, a decrease in the intensity of pNDI monomer emission (max. = 430 nm) 

with concomitant appearance of new broad emission centered at 510 nm is observed (Figure 

4.2a). Time-resolved fluorescence decay profiles of this new emission showed a major long-lived 

component with a lifetime of 28.9 ns, characteristic of excimer formation between NDI 

chromophores (Figure 4.2b).[20] Further, the excitation spectra collected at 510 nm showed a 20 
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nm red-shifted peak at 398 nm with respect to the monomer absorption (max. = 378 nm), 

suggesting that excimer-like emission is originated from the assembled chromophores in the 

ground state (Figure 4.2a and 4.2c).[21] These results indicate the pre-organization of NDI 

chromophores in a J-type slipped manner templated by the inorganic LP scaffold. Zeta potential 

and Dynamic Light Scattering (DLS) studies showed that, negative charge on LP 

particledecreases along with simultaneous increase in the hydrodynamic radius, when the 

concentration of pNDI is increased in the hybrids (Figure 4.2d), signifying an extended hybrid 

co-assembly of LP and chromophores directed by electrostatic interactions. Formation of 

extended assembly is further evident from the hydrogel formation at high concentrations (>3.0 

mM, inset, Figure 4.2a).  

Figure 4.2. Normalized a) absorption, emission and b) excitation spectra of pNDI-LP hybrids 

(LP = 2.25 wt. %, λexc. = 365 nm) in solution. c) Fluorescence lifetime profiles of pNDI-LP 

hybrids monitored at monomer (430 nm) and excimer wavelengths (510 nm) in water ([pNDI] 

=1.0 mM, LP = 2.25 wt. %, λexc. = 373 nm). d) Zeta potential and DLS measurements of pNDI-

LP hybrids in water during the titration (LP = 2.25 wt. %). e) Normalized emission (λexc. = 365 

nm) and f) corresponding fluorescence decays (λexc. = 405 nm, λmonitored = 500 nm) in film state. 

Inset of a) and e) shows the photographs of pNDI-LP hybrids in the gel state and film state, 

respectively, under 365 nm UV irradiation ([pNDI] = 5.0 mM). 

4.3.2. Excimer Fluorescence in Solid-state Thin-films 

Solutions and hydrogels of pNDI-LP hybrids could also be transferred onto glass 

substrates without affecting the molecular organization as evident from the J-aggregated spectral 

features and excimer emission retained in the film state. The emission spectrum of film made 
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from pNDI-LP hybrid hydrogel (5.0 mM-pNDI) showed major amount of excimer emission at 

500 nm with a lifetime of 25.3 ns (Figure 4.2e and 4.2f). These films are highly transparent and 

showed more than 99 % transmittance above 550 nm where these dyes do not have an absorbance 

(Figure 4.3a). This validates the efficient supramolecular scaffolding of the chromophores by the 

LP templates and also the excellent solution processability of these hybrids with homogeneous 

organization. 

4.3.3. Morphology Studies 

 

Figure 4.3. a) Transmittance spectra of pNDI and BrNDI-LP-hybrid thin films. Inset: 

Photographs of thin films under daylight. ([pNDI] = 5.0 mM, [BrNDI] = 1.0 mM, 2.25 wt. % 

LP). b) PXRD pattern of films made from 5.0 mM pNDI-LP hybrids along with blank LP (LP = 

2.25 wt. %). c) TEM image of pNDI-LP xerogels ([pNDI] = 5.0 mM, LP = 2.25 wt. %) and inset 

shows the electron density profile of the white line. 

Powder X-ray diffraction (PXRD) pattern of the LP film showed two peaks at 17º and 

28º characterisitc of the crystalline lattice planes of LP particle. Absence of any peak at the low 

angle region in the PXRD pattern ruled out the stacking of LP particles at this concentration. 

Remarkably, a strong low angle peak (2θ = 6.4º) corresponding to a d-spacing of ~1.4 nm was 

observed for the pNDI-LP hybrid films suggesting an extended organization by the alternating 

co-assembly of LP templates and pNDI linkers via eletcrostatic intreactions (Figure 4.3b). Since 

the observed d-spacing is less than that expected from pNDI with a molecular dimesion of 1.48 

nm and LP particles with 0.9 nm thickness, we envisage a tilted slipped stacking of the 

chromophores in the interlayer galleries. The extended organization is further supported by 

transmission electron microscopy (TEM) of the corresponding hybrid xerogels, which showed 

nanoscale striations with alternating bright and dark contrasts due to the organic-inorganic 

layered co-stacking (Figure 4.3c). 
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4.4. Time-dependent Density Functional Theory Calculations to 

Understand the Implication of Heavy-atom Effect 

 

Figure 4.4. a) Jablonski diagram for pNDI and BrNDI (T1-, T2- and T3-state energies are 

calculated using T1-state optimized geometry) and b) natural transition orbitals (NTOs) 

calculated using TD-B3LYP/6-31+g(d) level of theory. 

Inspired by the organization of pNDI chromophores by the the LP nanoplates, we have 

further attempted the triplet state stabilization using similar approach. However, to harness triplet 

excitons, an efficient ISC is crucial and internal heavy atom effect is considered to be the most 

viable strategy to achieve the same.[1,3a,4a] Hence pNDI design is modified to BrNDI, with two 

Br as the heavy atoms substituted at the core. Time-dependent density functional theory 

(TDDFT) calculations using B3LYP exchange-correlation functional were performed to get a 

qualitative understanding on the ISC efficiency of pNDI and BrNDI molecules (Figures 4.4). 

The ISC rate is determined by the spin-orbit coupling (SOC) strength, whose quantitative 

estimate can be obtained by calculating the SOC matrix element (SOCME) between S1 and Tn  

states. The main contributing channel for ISC is found to be S1 (π-π*) to T3 (n-π*) in both the 

molecules and this corroborates with the El Sayed’s rule, which forbids SOC between S1 (π-π*) 

and T1 (π -π*)/T2 (π -π*) states.[22] Accordingly, for BrNDI (pNDI) the SOCME between T1 and 

T2 with S1 are found to be 0.12 (0.00) cm-1 and 0.06 (0.01) cm-1, respectively. The SOCME 

between T3 and S1 is higher in BrNDI (21.03 cm-1) compared to pNDI (0.15 cm-1) owing to the 

presence of heavy Br atoms in the former. Strong SOC in BrNDI not only leads to faster ISC to 

improve the triplet yield, but also allows the spin-forbidden T1S0 transition to facilitate room 

temperature phosphorescene, provided other non-radiative pathways are minimized. 
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4.5. Aqueous and Amorphous Phase RTP from BrNDI-LP hybrids 

Figure 4.5. Aqueous Phase RTP from BrNDI-LP hybrids. a) Normalized absorption and b) 

emission spectra of different concentrations of BrNDI-LP hybrids in water (λexc = 380 nm, LP = 

2.25 wt. %). Inset of (a) shows zoomed version showing the red-shift in LP-hybrid samples. ). 

Inset of (b) shows the photographs of BrNDI-LP hybrids under 365 nm UV irradiation. c) 

Fluorescence decay profiles of BrNDI with different wt. % of LP ([BrNDI] = 0. 1 mM, λmonitored 

= 437 nm for sample without LP and λmonitored = 475 nm for LP-hybrids in water, λexc. = 373 nm) 

showing gradual increase in fluorescence lifetime suggesting J-aggregation. d) DLS profile of 

different concentrations of BrNDI hybrids with 2.25 wt. % LP in water. e) Phosphorescence 

lifetime profile, f) steady state and gated emission spectra of BrNDI-LP hybrids in water 

([BrNDI] = 1.0 mM, LP = 2.25 wt. %, λexc. = 380 nm, λmonitored = 615 nm, delay time = 50 μs). 

In an attempt to harness the triplets of BrNDI as ambient phosphorescence, 

supramolecular hybrids with LP was synthesized similar to pNDI (vide supra). Owing to the 

increased hydrophobicity of Br substituted NDI core, the solubility of  BrNDI  decreases and 

hence its photophysical properties could not be explored beyond 1.0 mM concentration. Red-

shift in the absorption (411 nm to 418 nm) and fluorescence (437 nm to 445 nm) spectra with 

increased fluorescence lifetime of BrNDI on interaction with LP suggests the J-aggregation of 

chromophores similar to pNDI molecules (Figure 4.5 a-c). Corresponding increase in the DLS 

signifies the extended hybrid co-assembly (Figure 4.5 d). Interestingly, a new emission band with 

a maximum at 613 nm was observed in these BrNDI-LP hybrid assemblies (LP = 2.25 wt. %) 

(Figure 4.5b). Average lifetime of the new red-shifted emission was found to be 347 µs compared 

to the short lifetime of 0.34 ns corresponding to the monomer fluorescence, suggesting the 

phosphorescence nature of the emission (Figure 4.5c, 4.5e and 4.5f). We envisage that reduced 

25 30 35 40 45 50
10

0

10
1

10
2

10
3

10
4

 IRF

 no LP

 2.25

LP (wt. %)

t / ns

I

/ Counts

400 480 560 640 720
0

1

2

3

4

5

 0.1 

(no LP)

 0.1 

 0.5 

 1.0 

BrNDI (mM)

Iem

(a. u.)

nm

0.0 0.5 1.0

50

100

150

200

250

300

350

d
H
 / nm

c / mM

0 2 4 6
10

0

10
1

10
2

10
3

10
4

 Phosphorescence Lifetime

                      (Water)

t / ms

I

/ Counts

300 400 500 600 700
0.0

0.5

1.0

400 450
0.0

0.5

1.0

 0.1 

 0.5 

 1.0

nm

A

(a. u.) 

 0.1 

(no LP)

 

BrNDI (mM)

 

 

nm

A

 

400 480 560 640 720
0.0

0.5

1.0
 Steady State

 Gated (50 s)

nm

Iem

(a. u.)

a)

e)

c)

d)

b)

a)

f)

No LP with LP



Aqueous Phase RTP in Supramolecular Microenvironments 

 
 

 
 

 
130 

 

  

vibrational motions and less oxygen content provided by the supramolecular microenvironments 

in the organic-inorganic hybrid galleries facilitate the triplet emission even in water. To the best 

of our knowledge this is the first report of an aqueous state stabilized RT red phosphorescence 

under ambient conditions with high lifetime.[23] Remarkably, corresponding solution processed 

hybrid films showed enhanced room temperature phosphorescence emission (ΦP = 3.5 %) with a 

lifetime of 523 µs and corresponding fluorescence emission is significantly quenched as evident 

from the gated spectrum with a time delay of 50 µs (Figures 4.6a and 4.6b). Increased 

phosphorescence intensity with enhanced lifetime under vacuum and at lower temperatures 

further proves the triplet character of the emission (Figure 4.6c and 4.6d). 

 

Figure 4.6. Amorphous state RTP emission from BrNDI-LP hybrid films. a) Steady state and 

gated emission spectra (delay time = 50 μs). Inset: Photograph of the corresponding neat and 

BrNDI-LP hybrid films under 365 nm UV-lamp. b) Phosphorescence decay spectra of the 

BrNDI-LP hybrid film in air. Temperature dependent c) emission and d) phosphorescence decay 

profile of BrNDI-LP hybrid film showing increased intensity at low temperature and under 

vacuum. (In all cases, [BrNDI] = 1.0 mM, LP = 2.25 wt. %,  λexc. = 380 nm, λmonitored  = 615 nm). 

4.6. Role of Anion-π Charge-transfer States on the ISC Process 

In order to explain the remarkable stabilization of triplets in aqueous and ambient 

conditions by the supramolecular scaffolding strategy we further investigated the spectroscopic 

properties in detail. A closer look at the absorption spectra of the BrNDI and BrNDI-LP hybrids 

in solution showed a weak, broad absorption in the 450-580 nm range apart from the high energy 

locally excited transitions (inset, Figure 4.5a and Figure 4.7a).[24] These spectral features are 
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characteristic of the charge-transfer (CT) interaction between iodide counter anion and NDI core, 

as reported for anion-π complexes of electron deficient NDIs with externally introduced 

anions.[25] Interestingly, selective excitation of this red-shifted absorption band at 480 nm of both 

BrNDI and its LP hybrids show an emission with maxima at 580 nm (Figure 4.7b-e). High 

lifetime (4.75 ns) of this new emission band and the excitation spectra (collected at 625 nm) hints 

towards an anion-π induced CT emisison,
[26] although it is rarely explored in NDI systems (Figure 

4.7f and Figure 4.8b). Presence of CT interaction between NDI core and the counter iodide ions 

is further supported by TDDFT calculations where NTO (natural transition orbital) analysis 

 

Figure 4.7. Anion-π charge-transfer (CT) emission. a) Excitation spectra (monitored at 625 nm) 

of BrNDI-LP hybrids in water and thin film ([BrNDI] = 1.0 mM, LP = 2.25 wt. %). Inset : 

Corresponding absorption spectra showing anion-π CT absorption. b) Steady state emission 

spectra of BrNDI-LP hybrids in water and thin film by exciting at the CT band and dotted lines 

shows corresponding gated emission spectra, suggesting no phosphorescence component 

([BrNDI] = 1.0 mM, LP = 2.25 wt. %, λexc. = 480 nm, delay time = 50 µs ). Emission spectra of 

different concentrations of BrNDI c) without and d) with 2.25 wt. % LP while excited at CT 

absorption wavelength (λexc = 480 nm). e) Overlaying normalized emission spectra depicting 

three different types of emission in BrNDI: Locally excited fluorescence (λexc. = 380 nm, black 

curve, a tail at 540-680 region corresponds to the anion-π charge-transfer emission), charge-

transfer fluorescence (λexc. = 480 nm, blue curve) and phosphorescence (λexc. = 380 nm, red curve, 

this gated emission (delay time = 50 µs) differenciates between all fluorescence bands. ([BrNDI] 

= 1.0 mM LP= 2.25 wt. %). d) Lifetime spectra of CT emission in BrNDI and BrNDI-LP hybrids 

in water and thin film (λexc. = 373 nm,[27] λmonitored = 580 nm, ([BrNDI] = 1.0 mM, LP = 2.25 

wt. %). 
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shows a CT transition between counter anion (donor) and NDI core (acceptor) (Figure 4.8a). 

Since CT states are known to play important role in promoting the ISC process we further 

explored this aspect.[26, 28] In order to resolve the contributions of overlapping anion-π mediated 

CT and phosphorescence emissions, we have performed gated excitation spectra at 625 nm 

(Figures 4.7e and 4.8c). Although steady state excitation spectra of the hybrids collected at 625 

nm in solution and film states showed a strong band corresponding to this CT absorption in the 

450-580 nm range, a gated excitation spectra (50 µs delay-time) did not show any CT absorption; 

instead showed only peaks corresponding to the locally excited NDI absorption (Figure 4.7a,4.8b 

and 4.8c). In addition, no phosphorescence emisison was observed when the CT band is 

selectively excited at 480 nm, thus ruling out a CT mediated ISC (Figure 4.7b). Moreover, 

exchanging the iodide counter anions with BF4
- does not affect the phosphorescence of the 

resulting BrNDI-BF4-LP hybrids, further suggesting the absence of external heavy atom effect 

from the counter ions and CT mediated triplet emission in our system (Figure 4.8d-f). On the  

Figure 4.8. a) Natural transition orbitals (NTOs) of dibromo NDI and iodide complex, calculated 

using TD-CAM-B3LYP/6-31+g(d) level of theory. Effect of CT-states on the ISC process. b) 

Normalized excitation spectra of different concentrations of BrNDI (LP = 2.25 wt. %, λmonitored = 

625 nm) in water. c) Normalized steady state and corresponding gated excitation spectra 

(showed in dotted lines)  of BrNDI-LP hybrids in water and thin film ( LP = 2.25 wt. %, λmonitored 

= 625 nm, delay time =50 µs). Control experiments on BrNDI-BF4 with LP: d) Absorption, e) 

normalized steady state and gated emission (λexc. = 380 nm, delay time = 50 µs), c) excitation 

(λmonitored = 625 nm) spectra of 0.1 mM BrNDI-BF4-LP hybrids. (LP = 2.25 wt. %). Inset of (d) 

shows the molecular structure of BrNDI-BF4. 
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other hand, titration of BrNDI (0.1 mM) with LP showed an increased aggregation of the 

chromophore with concomitant increase in the phosphorescence intensity, which hints toward 

the role of  aggregation in fostering ISC efficiency and phosphorescence, as shown previously in 

the case of H-aggregated RTP crystals (Figure 4.9).[3c,f]  

 

Figure 4.9. Emission spectra of BrNDI with increasing wt. % of LP in water. ([BrNDI] = 1.0 

mM, λexc. = 380 nm). 

The unique features of the supramolecular RTP system as outlined above, is highlighted 

by its excellent air-stability, easy-scalability and the robustness. However, more examples are 

needed to validate the versatility of this approach. With this objective in mind, in the next section 

we studied a very simple bromoaldehyde derivative, BrPhS (Figure 4.1). As has been explained 

in Chapter 1, bromoaldehyde functionalized chromophores are considered as the simplest design 

for ambient RTP materials, because of the presence of a carbonyl group (envisaged to produce 

excited state molecular orbital configurations that folllow El-Sayed’s rule) and an additional 

bromine group that would acclearate the ISC further. In fact, the initial breakthroughs on ambient 

RTP systems pioneered by Kim et al.[3a, 14] as well as Tang et al.[3a,3d], were in principle, utilized 

this scaffold and therefore envisioned as highly suitable for our current objective. However, we 

modifed the side-chain of a previoulsy studied molecules by Kim et al.[3a, 14], to make the system 

water-soluble for the ionic co-assembly with the host laponite (LP). The detailed photophysical 

studies and a successful demonstration of aqueous phase  green-RTP of BrPhS-LP hybrids are 

outlined in the next section. 
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4.7. Aqueous Phase and Amorphous-state RTP of BrPhS via Self-

assembly 

 

Figure 4.10. a) Absorption spectrum along with the normalized fluorescence (at 300 K in water) 

and phosphorescence spectra (at 77 K in acetonitrile) of BrPhS. ([BrPhS] = 0.1 mM, λexc. = 350 

nm, delay time = 10 ms for phosphorescence measurement). b) Phosphorescence decay of 0.1 

mM BrPhS in acetonitrile at 77 K (λexc. = 350 nm, λmonitored = 530 nm, average lifetime = 14.3 

ms). Inset shows the fluorescence decay profile of 0.1 mM BrPhS (without LP, λmonitored = 450 

nm, λexc. = 373 nm) in water. 

BrPhS (0.1 mM) absorbs in the 250-400 nm region with absorption maxima at 268 nm 

(π-π*) and 346 nm (π-π*) in water [29], characteristic of similar benzaldehyde type chromophores 

(Figure 4.10a). It also shows fluorescence with a maximum at 450 nm (λexc. = 350 nm), though 

no phosphorescence is observed under ambient conditions in water (Figure 4.10a). 

Phosphorescence of BrPhS, however, could be realized by minimizing the non-radiative 

pathways (λexc. = 350 nm, λmax. = 530 nm), in frozen acetonitrile solution at 77 K (Figure 4.10a). 

The phosphorescence nature at 77 K is supported by high average lifetime (τavg. =14.3 ms, λexc. = 

350 nm, λmonitored = 530 nm) as compared to fluorescence lifetime obtained in water (τavg. = 1.1 ns, 

λexc. = 373 nm, λmonitored  = 450 nm) (Figure 4.10b). Thus, to harvest triplets under ambient 

conditions, BrPhS (0.1 mM) was first anchored with a fixed amount of LP (2.25 wt %) in water 

(Figure 4.11).  Interestingly, we observed appearance of a new red-shifted emission band (λmax. = 

510 nm) along with the lifetime of 4.5 ms (λmonitored = 530 nm) hinting towards phosphorescence 

emission whereas the lower wavelength band showed much shorter lifetime in the nanosecond 

scale (λmonitored = 450 nm, τavg. = 0.9 ns) ascribing to its fluorescence nature (Figure 4.11a and 

4.11b, inset). The phosphorescence nature was further characterized by time-gated 

emission(delay time = 1 ms) which resembles closely with the low-temperature phosphorescence 

band of 0.1 mM BrPhS taken in acetonitrile at 77 K (Figure 4.10a and Figure 4.11c). To get a 

further insight into the photophysical properties of BrPhS in presence of LP, titrations 
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Figure 4.11. a) Normalized emission of BrPhS-LP hybrids in water. Inset of (a) show green 

phosphorescence in aqueous solution in presence of LP (right) and only blue fluorescence 

without LP (left), under 365 nm UV illumination. b) Time-resolved phosphorescence decay 

profiles of BrPhS-LP hybrids with different concentrations of BrPhS monitored at 530 nm. Inset 

shows the fluorescence decay profile of 0.1 mM BrPhS-LP hybrid monitored at 450 nm (λexc. = 

373 nm) in water. c) Steady-state and gated emission spectra of 0.1 mM BrPhS-LP solution 

(delay time = 1 ms). d) Absorption spectra of BrPhS with and without LP at different 

concentrations. In all cases, λexc. = 350 nm and 2.25 wt % LP was used unless otherwise 

mentioned.  

were performed by varying the concentration of BrPhS from 0.05 mM to 1.0 mM at a fixed 

weight percentage (2.25 wt %) of exfoliated laponite nanoparticles in water (Figure 4.11a). We 

observed a gradual decrease in phosphorescence intensity as well as the corresponding lifetime 

with increasing concentration of BrPhS (Figure 4.11a and 4.11b). Decrease in RTP intensity 

could be due to the non-emissive excimer formation[3a] between the phosphors at higher 

concentration range (> 0.1 mM). We could not observe any spectral changes characteristic of 

inter-chromophoric interactions as observed for dicationic naphthalene diimide derivatives 

(pNDI and BrNDI) with large hydrophobic π-conjugated cores as has been seen in the previous 

section (Figure 4.11d). 
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Figure 4.12. Zeta potential and DLS profile of different concentrations of BrPhS with 2.25 wt. 

% LP hybrids in water. 

Furthermore, zeta potential and dynamic light scattering (DLS) experiments showed 

gradual decrease of negative charge on the LP surface with increasing concentrations of BrPhS 

with concomitant increase in hydrodynamic radius of the particles (Figure 4.12). This observation 

is a clear indication of extended electrostatic co-assembly between the LP particles and BrPhS, 

particularly important for creating a unique supramolecular microenvironment suitable for 

limited oxygen diffusion and enhanced triplet stability, resulting in efficient aqueous phase 

phosphorescence under ambient conditions (vide infra). It was remarkable to observe that 

phosphorescence features were retained in the BrPhS-LP hybrid thin films, with good quantum 

yield (3.1 %) and average lifetime (2.03 ms) in air, when the solutions were drop-casted on a 

glass substrate and dried completely (see Experimental Section, Figure 4.13). As has been seen 

in case of BrNDI, the unique solution-processability of the BrPhS-LP soft hybrids is reproduced 

in this system also, a property most of the ambient organic phosphor materials lack. On the other 

hand, the neat thin films of BrPhS showed only very weak fluorescence without any trace of 

phosphorescence reiterating the importance of scaffolding provided by inorganic LP particles 

(Figure 4.13a, inset). 

 

Figure 4.13. a) Steady-state and gated emission and b) phosphorescence decay profile of BrPhS-

LP hybrid in thin film ([BrPhS] = 5 mM, LP = 2.25 wt %, λexc. = 350 nm, λmonitored = 530 nm, 

delay time = 1 ms). Inset of (a) shows the photograph of dried hybrid thin film under 365 nm UV 

excitation. 
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4.8. Conclusions 

In conclusion, we have demonstrated a unique organic-inorganic hybrid self-assembly for 

the controlled molecular organization of chromophores.  In the case of pNDI without heavy atom 

substitution, pre-organization of chromophores results in green excimer-like emission. On the 

other hand, BrNDI hybrids showed red-emitting RT phosphorescence as a result of heavy atom 

effect. The structural rigidity and oxygen tolerance of the inorganic clay particles further 

minimize the molecular vibrations and triplet quenching of organic phosphors, which in turn 

stabilizes the phosphorescence in solution phase (water) and films under ambient conditions. Red 

emitting phosphors with visible light excitation and ambient stability in water are seldom reported 

and would be of potential use in bio-imaging and sensors. Further, the generalization of our self-

assembly approach towards designing aqueous phase RTP systems is exemplified by 

demonstrating a commonly used bromoaldehyde based green-RTP emitter, BrPhS. We also 

envision, this strategy will provide great success in controlling molecular organization of organic 

phosphor molecules for long-afterglow in water which has been achived primarily in crystalline 

state so far. 

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 are 

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 at FLS1000 

spectrometer, Edinburgh Instruments. UV-Vis and emission spectra were recorded in 1 mm path 

length cuvette. Fluorescence spectra of solutions, gels and films were recorded in front-face 

geometry to avoid self-absorption at high concentrations.             

Lifetime and quantum yield measurements:  Fluorescence lifetimes were performed on a 

Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 373 nm nano-

LED 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. = 380 nm or 350 nm) and gated emission was measured on 

FLSP920 spectrometer, Edinburgh Instruments equipped with a micro flash lamp (µF2) set-up. 
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Quantum yield was measured using an integrated sphere equipped either with a CCD 

spectrometer by Edmund Optics (BrNDI) or in the same FLS1000 instrument (BrPhS).    

Dynamic Light Scattering (DLS): DLS and Zeta potential measurements were carried out using 

a NanoZS (Malvern UK) employing a 532 nm laser at a back scattering angle of 173o.      

Transmission Electron Microscopy (TEM): TEM measurements were performed on a JEOL, 

JEM 3010 operated at 300 kV. Samples were prepared by placing a drop of the gels on carbon 

coated copper grids followed by drying at room temperature. 

Powder X-Ray Diffraction (PXRD): Powder XRD pattern of the compounds were recorded by 

in Bruker D8 Discover (40 kV, 30 Ma) instrument using Cu Kα radiation (2θ = 0.8–35o).           

High Resolution Mass Spectroscopy (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

Computational Details: Ground state (S0) geometries of pNDI and BrNDI were optimized 

using density functional theory (DFT) and the electronic absorption spectra was calculated using 

time-dependent DFT (TDDFT) methods as implemented in the Gaussian 16 software.[30]All 

calculations were performed employing B3LYP[31-33] exchange-correlation functional with 6-

31+g(d) basis set for all atoms except Br, for which LANL2DZ basis set along with the 

corresponding ECP was used. Frequency calculations were performed to confirm the absence of 

any unstable normal mode. The solvent (water) effects were taken into account by polarized 

continuum model (PCM) using the integral equation formalism variant (IEFPCM).[34] The 

extended alkyl chain attached to the imide N atoms are replaced by methyl groups, which does 

not impose any change in the electronic structure of the NDI core. The first excited singlet (S1) 

state were optimized at the TDDFT level of theory, while the triplet excited state geometries were 

optimized at the TDDFT level within the Tamm-Dancoff approximation (TDA) which 

overcomes the triplet instability issue.[35]The spin-orbit coupling (SOC) was considered as 

perturbation based on the scalar relativistic Kohn-Sham orbitals after SCF and TDDFT 

calculations.[36-38] SOC matrix elements (SOCME) were calculated using B3LYP with TZP basis 

set for all atoms as implemented in ADF package.[39] 

4.9.2. Protocol of Sample Preparation: First a stock solution was prepared by suspending 360 

mgof LP in 9 ml Millipore distilled water (4 wt. %) under intense sonication followed by treating 

the suspension with 12 mg of sodium polyacrylate. Further 2.25 wt. % samples were prepared 

from this 4 wt. % stock solution and required amount of pNDI and BrNDI aqueous solutions 

were added to it and sonicated for 5 minutes to get clear dye-LP hybrid solution. For pNDI-LP 

gels, required amount of pNDI (>3 mM) solid samples were added into 2.25 wt. % LP solution 

and sonicated for 10 minutes. On standing for 30 minutes these samples turned into transparent 
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hydrogels. For thin film preparation, these solution or gel hybrids were drop casted on clean glass 

substrates and dried under vacuum overnight at 50 oC. 

4.9.3. Synthetic Schemes and Procedures 

The synthesis of pNDI and BrNDI is shown in Scheme 4.1. 

Materials: Naphthalene dianhydride and 1,1-dimethyl-3,3-dibromohydantoin (DBH) were 

purchased from Sigma-Aldrich; N,N dimethyl ethylene diamine was purchased from Alfa-Aeser 

and Methyl Iodide and Sodium Tetrafluoroborate were purchased from Spectrochem and used 

without further purification. Laponite XLG was purchased from Rockwood Additives, UK. 

 

Scheme 4.1. Synthetic scheme for pNDI, BrNDI and BrNDI-BF4. 

Synthetic Procedures: 

Compound 3 and 4 were synthesized according to literature procedure.[40] 

Synthesis of pNDI: Naphthalene dianhydride 1 (0.65 g, 2.42 mmol) and N,N-dimethyl ethylene 

diamine (2.07 g, 23.6 mmol) were taken in 40 mL of isobutanol and stirred at 90 oC under N2 

atmosphere for 24 h. The resultant solution was filtered and washed with ethanol and water and 

dried. The obtained diimide2 was then taken in 50 mL of dry toluene with excess of methyl iodide 

and refluxed for 4 h. The obtained residue was filtered and dried under vacuum to obtain 5 as 

yellow solid. 



Aqueous Phase RTP in Supramolecular Microenvironments 

 
 

 
 

 
140 

 

  

pNDI: Yellow solid (1.51 g, yield 90 %); 1H NMR (DMSO-d6, 400 MHz, ppm), δH = 8.73 (s, 

4H), 4.49 (t, 4H, J = 7.2 Hz), 3.64 (t, 4H, J = 7.6 Hz), 3.24 (s, 18H); 13C NMR (DMSO-d6, 100 

MHz, ppm), δC = 162.87, 130.71, 126.69, 61.89, 52.72, 34.11, 30.85. HRMS (ESI): m/z 

calculated for 692.0356; observed 565.1282 [M-I] +. 

 

Figure 4.14. 1H NMR spectra of pNDI in DMSO-d6. 



Aqueous Phase RTP in Supramolecular Microenvironments 

 
 

 
 

 
141 

 

  

 

Figure 4.15. 13C NMR spectra of pNDI in DMSO-d6. 

Figure 4.16. ESI-HRMS spectra of pNDI. 

Synthesis of BrNDI: Brominated naphthalene diimide 4 (75 mg, 0.176 mmol) was taken in 100 

ml dry toluene with excess methyl iodide and refluxed for 6 h. The obtained suspension was 

evaporated to dryness and washed with chloroform to get 6 as brown solid. 

BrNDI: Brown solid (142 mg, yield 95 %); 1H NMR (D2O, 400 MHz, ppm): δH = 9.03 (s, 2H), 

4.69 (t, 4H, J = 6.8 Hz), 3.73 (t, 4H, J = 7.6 Hz), 3.37 (s, 18H); 13C NMR (DMSO-d6, 100 MHz, 

ppm): δC =160.70, 160.56, 136.86, 127.57, 126.30, 125.79, 124.31, 61.18, 52.41, 34.24. HRMS 

(ESI): m/z calculated for C24H28Br2I2N4O4: 849.8546; observed 722.9536 [M-I] +. 
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Synthesis of BrNDI-BF4: 6 (85 mg, 0.1 mmol) was solubilized in 5 ml distilled water and NaBF4 

(13 mg, 0.12 mmol) was added to it. This was stirred for 3 h at 50 oC to obtain an off-white 

precipitate. This was filtered and washed with distilled water to remove excess NaBF4 and dried 

under vacuum to get 7 as off-white solid. 

BrNDI-BF4:off-white solid (70 mg, yield 90 %); HRMS (ESI): m/z calculated for 

C24H28B2Br2F8N4O4: 770.0510, observed 683.0438 [M-BF4] +. 

 

Figure 4.17. 1H NMR spectra of BrNDI in D2O. 

 

Figure 4.18. ESI-HRMS spectra of BrNDI. 
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Figure 4.19. 13C NMR spectra of BrNDI in DMSO-d6. 

 

 

Figure 4.20. ESI-HRMS spectra of BrNDI-BF4. 

4.9.3b. Synthesis of BrPhS 

Materials: Dimethylhydroquinone, Br2, nBuLi (2 M in cyclohexane), 1,2-dibromoethane were 

purchased from Sigma-Aldrich; BBr3 (1 M in dichloromethane) and K2CO3 were purchased from 

Spectrochem and used without further purification. 
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Scheme 4.2. Synthetic scheme for BrPhS. 

Synthetic Procedure 

Compound 1-5 were synthesized according to literature procedures.[3a, 41] 

4.1 Synthesis of BrPhS (6): Compound 5 (250 mg, 0.58 mmol) was taken in a 100 ml two neck 

round bottom flask equipped with a reflux condenser. 50 ml of dry MeCN and 14 ml (58.1 mmol, 

100 eqv.) of trimethyl amine (33 % w/w in ethanol) was then added sequentially into the flask 

under nitrogen atmosphere. This mixture was then refluxed overnight at 80 ºC and monitored by 

1H NMR until it converts completely to ammonium salt. Finally, the reaction mixture was 

evaporated under vacuum to get a brown coloured solid crude. This was then dissolved in 1.5 ml 

distilled water followed by precipitation using100 ml cold ethanol. The brown precipitate 

obtained was then filtered and washed repeatedly with ethanol and finally dried under vacuum at 

60 ºC for 12 h to get brown powder of BrPhS (170 mg, 45 % yield). 

1H NMR (400 MHz, DMSO-d6, ppm): δH = 10.35 (s, 1H), 7.69 (s, 1H), 7.43 (s, 1H), 4.63 (brt, J 

= 3.2 Hz, 2H), 4.57 (brt,  J = 3.6 Hz, 2H) 3.89 (t, J = 4.4 Hz, 2H), 3.85 (t, J = 4.4 Hz, 2H), 3.23 

(s, 9H), 3.21 (s, 9H); 13C NMR (100 MHz, DMSO-d6, ppm): δC = 188.7, 154.4, 148.7, 123.9, 

119.48, 119.46, 111.03, 64.17, 63.99, 63.31, 63.15, 53.28, 53.04; HRMS (ESI): m/z calculated 

for C17H29Br3N2O3: 547.9708:  observed 469.0515 [M-Br]+, 373.1126 [M-CH3-2Br]+, 194.0680 

[M-2Br]2+. 
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Figure 4.21. 1H NMR spectrum of BrPhS in DMSO-d6. 

 

Figure 4.22. 13C NMR spectrum of BrPhS in DMSO-d6. 
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Figure 4.23. 13C NMR spectrum of BrPhS in DMSO-d6. 
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Chapter 5 

Efficient Thermally Activated Delayed Fluorescence (TADF) 

from Donor-Acceptor Arylene Diimides* 

 

Abstract 

A systematic investigation has been done on various arylene diimides in order to 

understand and harvest their triplet excitons. Donor-acceptor charge-transfer design based on 

these electron-deficient arylene diimides are shown to exhibit small singlet-triplet gap facilitating 

efficient thermally activated delayed fluorescence (TADF) properties. Detailed theoretical 

calculation was performed to reinforce the role of a phenyl spacer between the donor 

(phenylcarbazole) and acceptor (arylene diimides) towards maintaining both strong charge-

transfer nature of the molecules as well as emission oscillator strength. Moreover, analysis of 

the emissive phosphorescence bands of these molecules suggest that the confinement of charge-

transfer states within the vicinity of locally-excited triplet states are critical in order to harvest 

the triplet excitons via TADF process. 

 

 

 

 

 

 

 

 

*Manuscript based on this work has appeared in Chem. Eur. J. 2019, 25, 16007 and other 

manuscript is under preparation. 
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5.1. Introduction 

Arylene diimides are a very important class of molecules in functional organic and 

supramolecular materials.[1] These class of materials have been extensively used in organic FETs 

and photovoltaic applications as air-stable, n-type semiconductors.[2] Among the various arylene 

diimides, 1,4,5,8-Naphthalenetetracarboxylic acid diimides (NDIs) have attracted a lot of 

attention in recent years due to improved synthetic methodologies for a library of core-substituted 

NDIs (cNDIs) with tunable energetic levels.[1b] These molecules have further expanded the scope 

of cNDIs to various optoelectronic and sensor applications and also as a model system in 

supramolecular chemistry.[3] Novel anion-π interactions have been experimentally realized in 

electron deficient cNDIs and later used in halide sensing, organocatalysis and for anion transport 

through lipid bilayers.[4-6] Remarkably, air-stable radical anions of cNDI derivatives are now 

synthetically feasible[7] and may be of potential use in artificial photosynthetic cascades for 

efficient solar energy conversion.[8]  Apart from its electronic properties, the tunable fluorescence 

of cNDIs in solution are used in energy transfer and circularly polarized luminescence.[9] 

However, for advanced luminescence applications such as organic light emitting diodes 

(OLEDs), triplet harvesting of these molecules is an important requirement to improve the 

efficiency in devices.[10] In this respect, however, NDIs are relatively unexplored in spite of the 

presence of multiple carbonyl groups in its core to promote fast intersystem crossing (ISC) and 

despite having excellent triplet yield. [11] Very recently, we have successfully demonstrated the 

method of stabilizing these NDI triplets by heavy atom substitution in confined supramolecular 

microenvironments, to harvest ambient room temperature phosphorescence (RTP).[12] However, 

molecular engineering of cNDIs to modulate the excited state energy levels (Sn and Tn) and 

emission wavelengths and also to realize other means of triplet harvesting such as thermally 

activated delayed fluorescence (TADF) and triplet-triplet annihilation (TTA) up-conversion still 

remains a challenge in these derivatives. We also envisage that low lying triplets of cNDIs would 

also benefit in the design of red to NIR triplet emitters, which are difficult to achieved.[13] Charge-

transfer (CT) states created by the spatially separated donor and acceptor subunits is a crucial 

design to obtain a small singlet-triplet gap (ΔEST) to aid triplet mediated delayed emission from 

chromophores.[10a,14]  

In this Chapter, we first introduce a donor-acceptor molecular design to harvest the 

triplets in cNDI derivatives, by substituting the electron-deficient NDI cores with carbazole (Cz) 

donor moieties. Remarkably, these core-substituted NDI derivatives CzNDI and CzPhNDI, 

showed red-emitting delayed fluorescence (DF) and room temperature phosphorescence (RTP), 

phenomena rarely reported in NDI based molecules (Figure 5.1). With detailed time dependent 
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density functional theory (TDDFT) calculations and time-resolved emission spectroscopy, 

further we provide a structure-property study on how to increase the oscillator strength of 

emission in these cNDI derivatives, which depends heavily on the excited state geometry of the 

chromophores. Our design clearly demonstrate importance of a spacer phenyl group between the 

donor and acceptor units in order to adjust the strong charge-transfer nature of the molecule as 

well as high oscillator strength of emission. Based on these findings, we further explored other 

structural analogues of CzPhNDI, namely, CzPhPmDI and CzPhNMI, where electron-deficient 

pyromellitic dimiide and naphthalene monoimide were substituted with same donor unit 

carbazole (Figure 5.1). We observed an important correlation regarding the energetics of the 

singlet charge-transfer (1CT) and locally excited triplet (3LE) states of the acceptor units 

constituting these chromophores, that suggest that confinement of the CT state is critical towards 

obtaining efficient triplet harvesting from these molecules. In addition, a solution-processed 

OLED device prototype is shown utilizing CzPhPmDI to further reiterate the promising 

applications of this class of chromophores for future solid-state lighting materials. 

5.2. Design Strategy and Synthesis 

The molecular structures of all donor-acceptor charge-transfer molecules (CzNDI, 

CzPhNDI, CzPhPmDI and CzPhNMI) studied in this Chapter are given in Figure 5.1. CzNDI 

was synthesized in a single step from the corresponding dibromo naphthalene diimide using Pd-

catalysed Buchwald-Hartwig amination (see Experimental Section 5.7) reaction. The other 

phenyl spacer derivatives were synthesized using Pd-catalysed Suzuki coupling reaction from 

respective bromo-substituted arylene diimides (see Experimental Section 5.7). All our studies 

were mainly focused on the solid state emission characteristics and polymethyl methacrylate 

(PMMA) was used as a host material in order to reduce the aggregation-induced optical losses 

and improve ambient triplet stability. 

 

Figure 5.1. Chemical structures of the donor-acceptor charge transfer molecules studied for 

triplet harvesting in this chapter.  

CzNDI CzPhNDI

CzPhPmDI CzPhNMI
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5.3. Thermally Activated Delayed Fluorescence and Room 

Temperature Phosphorescence from Core-substituted Naphthalene 

Diimides : A Structure-property Study 

 

Figure 5.2. Natural transition orbitals for S1 state at the optimized S0 geometry for optical 

absorption of a) CzNDI and b)CzPhNDI, calculated using *B97XD/6-31+g(d) level of theory 

in vacuum. Hole and electron wave functions with the largest weight (v) and the oscillator 

strength for the transition (f) are also provided. Cyclic voltametry measurements of CzNDI and 

CzPhNDI. c) Reduction cycle and d) oxidation cycle.  [CzNDI] and [CzPhNDI] = 1 mM in 

DCM. 

Considering the basic design principle of a typical covalently linked donor and acceptor 

moiety we first designed carbazole-substituted (donor) NDI (acceptor) derivatives, with 

(CzPhNDI) or without (CzNDI) the phenyl spacer (Figure 5.1). Next (TDDFT) calculations 

were performed to understand the ground state geometries (S0) of these chromophores which 

revealed dihedral angles of 57º and 61º between donor (Cz) and acceptor (NDI) moieties for 

CzPhNDI and CzNDI, respectively. Further, natural transition orbital (NTO) analysis was 

performed to understand the nature of transitions in these chromophores. In both these 

chromophores for optical absorption to S1 state, the hole NTO is localized on carbazole units and 

the electron NTO is localized on NDI core, in consistent with the molecular design having 

suitable charge-transfer transitions (Figure 5.2a, 5.2b). This was further supported experimentally 
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by cyclic voltametry (CV) studies where highest occupied (HOMO) and lowest unoccupied 

(LUMO) molecular orbital energies were estimated (Figure 5.2c, 5.2d).The calculated HOMO 

energies of CzNDI and CzPhNDI were -5.26 eV and -5.17 eV, respectively (see Experimental 

Section). The calculated LUMO energies of CzNDI and CzPhNDI were -3.86 eV and -3.71 eV, 

respectively (see Experimental Section). The HOMO and LUMO energy levels closely match 

with the HOMO level of carbazole and NDI LUMO levels, respectively.[15] This observation also 

shows the spatial separation of HOMO-LUMO for a suitable charge-transfer state formation in 

the molecules in their ground states.[13c] 

 

Figure 5.3. a) Absorption and normalized emission spectra of CzNDI and CzPhNDI in THF 

([CzNDI] and [CzPhNDI] = 0.05 mM, λexc. = 380 nm) and b) corresponding fluorescence decay 

spectra collected at the locally excited emission wavelength (430 nm) and charge-transfer 

emission wavelength (580 nm). IRF is the instrument response function and λexc. = 373 nm. Effect 

of solvent polarity in the emission spectra of c) CzNDI and d) CzPhNDI.  ([CzNDI] = 

[CzPhNDI] = 0.05 mM. λexc. = 380 nm). e) Natural transition orbitals for S1 states at optimized 

S1 state geometry for emission of CzNDI (top) and CzPhNDI (down) using *B97XD/6-31+g(d) 

level of theory in vacuum. Hole and electron wave functions with the largest weight (v), the 

oscillator strength for the transitions (f) are also provided. 

In solution state (THF), both CzNDI and CzPhNDI show a locally excited (LE) 

absorption band at around 300-400 nm and a charge-transfer (CT) band in the longer wavelengths 

(420-650 nm) (Figure 5.3a). Both the molecules showed characteristic LE emission bands with 

sharp vibrational features at 400-500 nm with short lifetime (0.99 ns and 0.90 ns for CzNDI and 
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CzPhNDI, respectively) on excitation at 380 nm (Figures 5.3b). Interestingly, CzPhNDI showed 

a CT emission with a maximum at 580 nm, whereas CzNDI does not show any CT emission in 

THF (λexc. = 380 nm, Figure 5.3c, 5.3d). The CT nature of CzPhNDI emission is evident from 

the long lifetime of 9.3 ns and its solvatochromic behaviour (λexc. = 373 nm, λmonitored = 580 nm) 

(Figure 5.2b, 5.2d). In order to get further insight into this remarkable difference in emission 

characteristics, we theoretically investigated the nature of excited states using TDDFT methods. 

In the excited state of CzNDI, the Cz and NDI units are found to be perpendicular to each other 

(dihedral angle ~90o), thus forming a stable twisted intramolecular charge transfer (TICT) state 

(S1), with complete spatial separation of hole and electron wavefunctions (Figure 5.3e, top panel); 

a geometry that weakens the transition dipole moment matrix element as evident from the low 

oscillator strength of emission (f = 0.00). On the contrary, due to the presence of a phenyl spacer 

in CzPhNDI, the TICT state is not stable and both the Cz and NDI units tend to adapt a more 

planar conformation (dihedral angle ~2º) in its optimized excited (S1) state. This leads to a 

comparatively higher spatial overlap between hole and electron wavefunctions with large 

oscillator strength (f = 0.40) for  S1→S0 transition leading to emissive CT for CzPhNDI (Figure 

5.3e, bottom panel). Thus it is evident that a balance between twist angle and HOMO-LUMO 

overlap is crucial for high photoluminescence quantum yield in the cNDI derivatives.  

 

Figure 5.4. Emission (λexc. = 380 nm) of a) CzNDI and b) CzPhNDI films composed of different 

wt. % in PMMA. 

In an attempt to harvest the triplets in these cNDI derivatives, we further studied them in 

solid state as non-radiative pathways arising from vibrational relaxation can quench the triplet 

excitons in solution state.  However, neat thin films of both CzNDI and CzPhNDI, made from 

chloroform solutions showed only weak emission due to the aggregation induced quenching 

(Figure 5.4). On the other hand, emission spectra of CzNDI and CzPhNDI dispersed in 

poly(methylmethacrylate) (PMMA, 1 wt. % dye to polymer ratio, exc. = 380 nm) showed a 

substantial blue-shift (30 nm and 50 nm for CzNDI and CzPhNDI, respectively) and 

concomitant enhancement in charge-transfer (CT) emission intensity compared to neat films 
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(Figure 5.4) suggesting less aggregation and also a plausible triplet state stabilization due to 

reduced oxygen diffusion contributing effectively in the total emission (vide infra).[16] Unlike  the 

solution state, the intensity of LE emission (400-500 nm) in PMMA films was less compared to 

the CT emission and hence all further studies were focussed on CT emission. CzPhNDI films 

showed higher emission quantum yield of 32% compared to the 2% of CzNDI. 

Figure 5.5. a) Normalized emission spectra of the PMMA films of CzPhNDI at different 

temperature with varying delay times (0.5 ms and 20 ms) showing TADF and phosphorescence. 

b) Temperature dependent lifetime profiles of CzPhNDI monitored at 640 nm confirming the 

phosphorescence nature (λexc. = 380 nm). c) Time-resolved decay profile of CzPhNDI film (1 wt. 

% in PMMA) showing the prompt charge-transfer (CT) fluorescence (λexc. = 373 nm, λmonitored = 

640 nm). d) Temperature dependent lifetime profiles of CzPhNDI monitored at 550 nm 

confirming the TADF nature. (λexc. = 380 nm). e) Comparision of steady-state emission intensity 

of CzPhNDI in air and under vacuum and the inset shows the photograph of CzPhNDI film 

under 365 nm UV-lamp. f) Time-resolved decay profile of PMMA film of CzPhNDI (1 wt. %) in 

air (τavg. = 80.3 µs) and vacuum (τavg. = 2.43 ms).  (λexc. = 380 nm, λmonitored = 640 nm). IRF = 

Instrument Response Function. In all cases 1 wt. % CzPhNDI-PMMA composition was used and 

the excitation wavelength was 380 nm unless otherwise mentioned. 
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delay time of 20 ms at 300 K, revealed vibronic features  in the 600-800 nm range, accompanied 

by a broad structureless emission band at 550-600 nm with reduced intensity, hinting towards the 

presence of an additional low energy excited state (Figure 5.5a, green curve). Low temperature 

(15 K) gated emission (20 ms delay) further showed that the emission band in the 600-800 nm 

region retains its vibronic spectral features with the complete disappearance of the emission 

contribution in the 550-600 nm suggesting its phosphorescence nature. This was further 

confirmed by temperature dependent, time-resolved emission measurements at different 

temperatures (monitored = 640 nm), which showed a decrease in average lifetime on increasing 

temperature (τavg. = 6.45 ms and 2.43 ms at 15 K and 300 K, respectively, Figure 5.5b).[17] Along 

with this long lifetime component, CzPhNDI also showed a prompt CT fluorescence with an 

average lifetime of 7.3 ns (exc. = 373 nm, monitored = 640 nm) (Figure 5.5c). On the other hand, 

average lifetime of the delayed emission at lower wavelength region, selectively monitored at 

550 nm showed an increase in lifetime with increase in temperature (exc. = 380 nm, τavg. = 78 µs 

and 1.2 ms at 15 K and 300 K, respectively) characteristic of molecules with delayed fluorescence 

(DF) mediated via triplet excitons (Figure 5.5d) consistent with its small singlet-triplet energy 

gap (ΔEST = 0.17 ± 0.03 eV). In addition, a threefold increase in emission intensity and 

corresponding increase in average lifetime under vacuum compared to the emission under 

ambient conditions, reiterates the contribution from triplet states in CzPhNDI emission (Figures 

5.5e and 5.5f).[13c]  

Having a conclusive evidence of a delayed fluorescence feature in the CzPhNDI 

derivative, we further investigated the nature of the triplet state that is involved in the excitonic 

upconversion process. Low temperature solvatochromism studies with individual donor(CzPh) 

and acceptor (NDI-butyl) control molecules revealed the locally excited charater of the lowest 

energy triplet state, originating from the acceptor NDI unit rather than charge-transfer in nature 

(Figure 5.6). The LE or CT nature of any phosphorescence emission band is generally proven by 

collecting the emission spectra of the chromophores in frozen solvent (77 K) with different 

polarity.[18] Therefore, we first obtained the phosphorescence band of 0.05 mM CzPhNDI in 

frozen THF (exc. = 380 nm, delay time = 20 ms) which matches with the phosphorescence 

spectrum of 1 wt. % PMMA thin film at 15 K, validating the correlation between solid and 

solution state properties (Figure 5.6a). Further, a low temperature solvatochromism study of 0.05 

mM CzPhNDI was done at 77 K (Figure 5.6b). CzPhNDI phosphorescence retains its structured 

emission in all the solvents without any significant shift in the emission maxima which 

unambiguously proves its LE nature (Figure 5.6b). In general, such triplet LE bands originate 

from either of the donor or acceptor subunits in these kinds of CT chromophores exhibiting 

TADF. [19] Therefore, phosphorescence spectra of individual donor and acceptor units were 
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obtained in frozen THF solvent at 77 K (exc. = 340 nm, delay time = 20 ms) (Figures 5.6c and 

5.6d). The electron donor control molecule (CzPh) shows a high energy phosphorescence band 

at 420-500 nm region, whereas the acceptor control molecule (NDI-butyl) shows a low-lying 

triplet at 600-800 nm region with strong vibronic features.[20] Remarkably, this phosphorescence 

band from NDI-butyl closely matches with gated emission band obtained from CzPhNDI films 

(1 wt. % in PMMA) at both 300 K and 15 K. This unique feature also suggests that the lowest 

triplet state involved in DF is originating from the acceptor subunit NDI which is emissive even 

at 300K resulting in RTP (Figure 5.6e). [18] Based on the experimentally obtained energy levels 

 

Figure 5.6. a) Phosphorescence spectra of CzPhNDI in film state (1 wt. % in PMMA) at 15 K 

and in THF solution at 77 K. b) Solvatochromism studies of the CzPhNDI phosphorescence at 

77 K. (For all samples λexc. = 380 nm, delay time = 20 ms). [CzPhNDI] = 0.05 mM in all cases.  

Phosphorescence nature (3LE) of the control donor (CzPh) and acceptor (NDI-butyl) molecules 

in solution state:  c) phosphorescence spectra of control donor and acceptor units in THF at 77 

K (λexc. = 340 nm, delay time = 20 ms, ([CzPh] and [NDI-Butyl] = 0.05 mM). d) Time-resolved 

emission (phosphorescence) decay profile of 0.05 mM CzPh (λexc. = 340 nm, λmonitored = 430 nm, 

τavg. = 872 ms) 77 K in THF. e) Comparison of phosphorescence spectra (λexc. = 380 nm) obtained 

at 15 K and 300 K for CzPhNDI thin films (1 wt. % in PMMA, red and black curves) with the 

phosphorescence spectrum (λexc. = 340 nm) of acceptor moiety (NDI-butyl) collected at 77 K in 

THF. [NDI-butyl]=0.05 mM. f) Simplified Jablonski diagram for CzPhNDI indicating various 

excited state process involving the triplet exciton harvesting. A favourable ISC/RISC process is 

envisioned due to efficient spin-orbit coupling between the closely-lying 1CT and 3LE states 

(according to El-Sayed’s Rule). (IC = internal conversion, ISC = intersystem crossing, RISC = 

reverse intersystem crossing). ISC between the 1CT and 3CT is expected to be weak. 

0.0 0.2 0.4 0.6 0.8 1.0
10

0

10
1

10
2

10
3

 Decay at 430 nm

ts

I

/ Counts

550 600 650 700 750 800
0.0

0.5

1.0  MCH

 THF

 MeCN

 / nm

Iem

(a. u.)

500 600 700 800
0.0

0.4

0.8

1.2
 THF (0.05 mM)

 1 wt. % in PMMA

Iem

(a. u.)

 / nm

400 500 600 700 800
0.0

0.5

1.0
 CzPh

 NDI-butyl

 / nm

Iem

(a. u.)

CzPh

NDI-butyl

500 600 700 800
0.0

0.4

0.8

1.2

 15 K (20 ms delay)

 300 K (20 ms delay)

 NDI-butyl in THF (77 K, 20 ms delay)

 / nm

Iem

(a. u.)

tavg. = 872 ms P
ro

m
p

t F
lu

o
re

s
c

e
n

c
e

 

D
e

la
y
e

d
 F

lu
o

re
s

c
e

n
c

e
 

P
h

o
s

p
h

o
re

s
c

e
n

c
e

1CT
3CT

S1

Tn

3LE

ISC

RISC

IC

S0

Spin-orbit

coupling

a) b) c)

d) e) f)

ISC



Ambient Triplet Harvesting from Core-substituted Arylene Diimides 

 
 

 
 

 
     161 

 

  

of different singlet and triplet manifolds obtained in the case of CzPhNDI, we proposed a 

simplified Jablonski diagram to highlight a plausible spin-orbit coupling between the 1CT and 

3LE states, which is believed to be a strong contributor towards effective reverse intersystem 

crossing in TADF molecules (Figure 5.6f).[21] These experiments provide an unequivocal proof 

for the co-existence of both DF and RTP emission in the red-wavelength region with high 

quantum yield. To the best of our knowledge, this is the first report of dual DF and RTP from 

donor-acceptor cNDI derivatives under ambient conditions.[12]  

 

Figure 5.7. Intensity dependent emission profile of 1 wt. % CzPhPmDI-PMMA film (exc. = 355 

nm, (monitored = 500-700 nm).  

 

Figure 5.8. Emission characteristics of CzPhNDI (1 wt. % in PMMA) films upon excitation at 

the charge-transfer absorption wavelength (λexc. = 500 nm). a) Steady state and gated (delay time 

= 0.5 ms) emission spectra, suggesting similar delayed emission characteristics as that of 380 

nm (locally excited) excitation. Lifetime spectra at different temperatures while monitoring b) at 

550 nm (τavg. = 2.26 ms at 300 K, decay at 15 K too low for accurate fitting) and c) at 640 nm 

(τavg. = 2.06 ms at 300 K, τavg.= 4.92 ms at 15 K) showing similar trend of delayed fluorescence 

and phosphorescence while exciting the CT band at 500 nm (CT absorption band has sufficient 

oscillator strength according to theoretical calculations, vide infra). 

In addition, a linear increase (slope = 1.02) in the emission intensity with the incident 

excitation (exc. = 355 nm) intensity suggests unimolecular thermally activated delayed 

fluorescence nature of CzPhNDI, rather than a bimolecular triplet-triplet annihilation 

1 10 100 1000

10
6

10
7

10
8

Iem

(a. u.)

F / Jcm-2

Slope = 1.02

560 640 720 800
0.0

0.4

0.8

1.2  300 K-steady state

 300 K-Gated (0.5 ms)

nm

Iem

(a. u.)

0 10 20 30 40 50
10

0

10
1

10
2

10
3

10
4

 15 K

 300 K

I

/ Counts

t / ms

0 2 4 6 8 10
10

0

10
1

10
2

10
3

10
4

 IRF

 15 K

 300 K

tms

I

/ Counts

c)a) b)



Ambient Triplet Harvesting from Core-substituted Arylene Diimides 

 
 

 
 

 
     162 

 

  

upconversion process (Figure 5.7).[22] Direct excitation at the charge-transfer band at 500 nm, 

also resulted in similar spectroscopic features suggesting that triplet state harvesting is possible 

via exciting at the CT absorption band selectively and it reiterates the close proximity of 1CT-

3LE state (Figure 5.8).  

Figure 5.9. a) Normalized emission spectra of PMMA films of CzNDI at different temperatures 

with different delay times (50 µs and 20 ms) showing DF and phosphorescence. Inset: 

Photograph of CzNDI in film state under 365 nm UV-lamp.  b) Lifetime spectra of CzNDI at 

different temperatures (λmonitored = 680 nm). c) Time-resolved fluorescence decay profile of 

prompt charge-transfer (CT) fluorescence of CzNDI (1 wt. % in PMMA) film (λexc. = 373 nm, 

λmonitored = 680 nm, τavg.=3.5 ns). d) Low temperature solvatochromism studies on the 

phosphorescence emission of CzNDI at 77 K (λexc. = 380 nm, delay time = 20 ms, [CzNDI] = 

0.05 mM). Absence of any significant change in the emission spectra with solvent polarity suggest 

the presence of a locally excited (3LE) triplet state. e) Phosphorescence spectrum (λexc. = 380 nm, 

delay time = 20 ms) of CzNDI film (1 wt. % in PMMA) at 15 K and (3LE) phosphorescence 

spectrum of NDI-butyl (acceptor) in THF at 77 K ([NDI-butyl] = 0.05 mM, λexc. = 340 nm, delay 

time 20 ms). f) Temperature dependent delayed fluorescence decay spectra of CzNDI film (1 wt. 

% in PMMA) monitored at 570 nm, where phosphorescence has negligible contribution (λexc. = 

380 nm). Increasing lifetime (τavg. = 89.5 µs) at 300 K compared to 15 K (lifetime spectra could 

not be fitted at this temperature because of low intensity) suggests a DF behaviour at this 

wavelength range. IRF = Instrument Response Function. In all cases 1 wt. % CzNDI-PMMA 

composition was used and the excitation wavelength was 380 nm unless otherwise mentioned. 
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On the other hand, PMMA (1 wt. %) films of CzNDI showed a weak CT emission (exc. 

= 380 nm) in the 550-800 nm region unlike its non-fluorescent nature in solution state (Figures 

5.2a and 5.3a) with a prompt lifetime of 3.45 ns (exc. = 373 nm, monitored = 680 nm), probably 

due to a non-orthogonal, excited state conformation in the solid-state  (Figure 5.9a). Delayed 

emission feature is also observed for CzNDI films at 300 K as confirmed by a gated emission 

spectrum (delay time = 50 µs, exc. = 380 nm) in the same wavelength region (550-800 nm, max. 

= 680 nm) hinting towards similar DF and RTP characteristics as that of CzPhNDI (Figures 5.9b 

and 5.9c). Time-gated emission spectra (20 ms delay time, exc. = 380 nm) obtained at 15 K 

showed a 80 nm red- shift compared to room temperature steady-state emission (Figure 5.9b). 

This low energy emission with a maximum at 680 nm, can be attributed to the locally excited 

phosphorescence because of its high lifetime (τavg.= 3.1 ms, exc. = 380 nm,  monitored = 680 nm) 

(Figure 5.9c, Figure S9d). In addition, gradual decrease in the lifetime on increasing the 

temperature (Figure 5.9c) reiterates (3.1 ms at 15 K to 80.5 µs at 300 K, exc. = 380 nm, monitored 

= 680 nm) its phosphorescence character similar to CzPhNDI at this wavelength. However, 

unlike CzPhNDI, this phosphorescence band neither originates from carbazole (donor) or NDI 

(acceptor) components (Figure 5.9e). Nonetheless, similar phosphorescence behaviour at low 

temperatures has been recently shown in donor-acceptor cNDI derivatives by Higginbotham and 

co-workers, wherein certain conformations of the molecule lead to enhanced conjugation 

between the donor (triphenyl amine) and acceptor sub-units (NDI) resulting in a new locally 

excited triplet state.[13b] A TADF feature is also exhibited by CzNDI as evident from decreasing 

lifeime while decreasing the temperaure at 570 nm (Figure 5.9f, 89.5 µs at 300 K, exc. = 380 

nm).[23] However, overall quantum yield (2 %) was found to be much weaker than CzPhNDI 

suggesting of its weak oscillator strength of emission. 
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 5.4. Triplet Harvesting from Core-substituted Pyromellitic Diimide via 

TADF and RTP 

Successful demonstration of strong TADF and RTP properties through a donor-acceptor 

charge-transfer design prompted us to investigate other arylene diimide based molecules towards 

triplet harvesting. Pyromellitic anhydride, in this regard, has not been studied for triplet 

harvesting extensively, particularly as TADF emitters. Since, pyromellitic diimide is known as 

strong acceptor unit and has been exploited in many photovoltaic applications because of its rich 

electrochemistry,[24] a suitable donor-substitution was envisaged towards CT emission and 

TADF. Therefore, with a similar donor-acceptor design principle utilizing the phenyl carbazole 

(PhCz) as donor unit, we synthesized CzPhPmDI over 5 steps starting from Durene (Figure 5.10 

and see experimental section). 

Figure 5.10. Natural transition orbitals for S1 state at the optimized a) S0 geometry for optical 

absorption and b) S1 state geometry for emission of CzPhPmDI (right) using B97XD/6-31+g(d) 

level of theory in vacuum. Hole and electron wave functions with the largest weight (v), the 

oscillator strength for the transitions (f) are also provided. c) Absorption (toluene) and 

normalized emission spectra of 0.05 mM CzPhPmDI in different solvents showing strong 

solvatochromic effect (λexc. = 340 nm). d) Fluorescence lifetime profile of 0.05 mM CzPhPmDI 

in toluene (λexc. = 373 nm, λmonitored= 620 nm). 
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 At first, to have a qualitative understanding of the geometric and electronic density 

distribution of CzPhPmDI, time-dependent density functional theory (TDDFT) calculations 

were performed using B97XD/6-31G(d) level of theory. As shown in Figure 5.10a, CzPhPmDI 

adopts a twisted geometry in the ground state (S0). The calculate dihedral angles between CzPh 

(donor-bridge) and PmDI (acceptor) units at optimized ground-state geometry was 59.7˚. Such 

pre-twisted geometry is an essential criteria for a suppressed delocalization of highest occupied 

and lowest unoccupied molecular orbitals (HOMOs and LUMOs). As previously studied TADF- 

emitting NDI derivatives, spatial separation of the HOMO and LUMO orbitals lead to strong 

charge-transfer transition in the ground state (S0→S1 transition, f= 0.013 Figure 5.10a). Here, the 

HOMO was mainly localized over carbazole unit with small contribution from the spacer phenyl 

group. On the other hand, LUMO was exclusively delocalized on the acceptor unit (PmDI). 

Interestingly, in the optimized S1 excited state, we observed increased spatial overlap of the 

HOMO and LUMO, plausibly due to decreased dihedral angle between the donor and acceptor 

units (41.2˚) (Figure 5.10b). This increased overlap is a critical factor to maintain both sufficient 

charge-transfer transition in the molecule (ΔEST) as well as higher oscillator strength of emission 

(f= 0.0186, vide infra). 

CzPhPmDI (0.05 mM, Toluene) show characteristic LE absorption band at 300-390 nm 

region and a weak CT absorption band at longer wavelength (390-480 nm region, Figure 5.10c). 

Solvatochromism study further reiterates the CT nature of the emission of CzPhPmDI at 460-

750 nm region with a broad structureless features (Figure 5.10c). Fluorescence decay analysis of 

this band (exc. = 373 nm, monitored = 620 nm) shows an average lifetime of 2.41 ns although no 

high lifetime component (µs or ms range) at room temperature was observed as expected from 

an additional delayed-emitting species (Figure 5.10d).  

However, CzPhPmDI doped PMMA films showed remarkably strong delayed emission 

feature which is reminiscent of triplet excited state contribution, as evident from increased 

emission intensity under vacuum (exc. = 340 nm, Figure 5.11a). Similar to previous experiments, 

the neat films of CzPhPmDI showed a quenched emission as compared to corresponding doped 

films in a solid polymer host (PMMA) at low concentration (1 wt. % with respect to PMMA) and 

hence, all further studies were performed at this composition (Figure 5.11a). To elucidate the 

triplet exciton contribution in the total emission profile of CzPhPmDI-PMMA films, time-

resolved emission spectroscopy was performed at different temperatures. At first, time-resolved 

decay experiments of 1 wt. % CzPhPmDI-PMMA film were performed at two different time- 

ranges (exc. = 340 nm, monitored = 570 nm). In the short-time range (1 ns-20 µs) this hybrid film 

showed a bi-exponential decay with clear prompt fluorescence with a lifetime of 38.3 ns (37 %) 
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Figure 5.11. a) Emission spectra of CzPhPmDI in neat film as well as in doped-PMMA film 

under aerated and vacuum conditions (λexc. = 340 nm). Inset: Photograph of CzPhPmDI in film 

state under 365 nm UV-lamp.  Lifetime profiles of CzPhPmDI-PMMA hybrid film obtained at 

different temperatures while monitoring at b) short time-range and c) longer time-range, showing 

TADF and RTP characteristics, respectively (λexc. = 340 nm, λmonitored = 570 nm). d) Temperature 

dependent emission decay profile of CzPhPmDI-PMMA hybrid film obtained at different delay 

times showing prompt fluorescence at early-time and delayed fluorescence or phosphorescence 

at longer time-delays. e) Excitation intensity dependent emission profile of CzPhPmDI-PMMA 

film excited at 355 nm. f) Normalized emission spectra of PMMA films of CzPhPmDI at different 

temperatures with variable time-delays (1 µs, 10 µs and 0.5 ms) showing TADF and 

phosphorescence (λexc. = 355 nm). In all cases 1 wt. % CzPhPmDI-PMMA was used. 

and a delayed emission with lifetime of 1.48 µs (63 %). The relative contribution of these two 

components are written in the parenthesis (Figure 5.11b). Interestingly, along with this long-lived 

delayed emission component, an additional delayed lifetime component was identified in the 

longer time-range (0.05-1 ms) (Figure 5.11c). In order to underpin the origin of these two 

different delayed emission components, temperature-dependent transient lifetime experiments 

were performed at the same wavelength (570 nm) and time-ranges. Interestingly, at the shorter 

lifetime range the observed delayed emission component (1.48 µs, 63 % at 300 K) reduces to 

1.41 µs (39 %) at 15 K suggesting the acceleration of RISC from the triplet to singlet excited 

states following a conventional TADF process. On the other hand, when similar experiments 

were conducted at longer time-range, a sharp increase in the average lifetime was observed with 

decreasing temperature (from 143 µs at 15 K to 23.8 µs at 300 K) at same monitoring wavelength 

(exc. = 340 nm, monitored = 570 nm). This contrasting behaviour of delayed emission arising from 

400 500 600 700
0.0

0.5

1.0

at 15 K

 Gated (0.5 ms)  Steady State

 Gated (1 s)

 Gated (10 s)

at 300 K

 / nm

Iem

(a. u.)
ΔEST = 0.2  

0.04 eV

375 450 525 600 675 750
0.0

0.5

1.0

1.5

  PMMA film (vacuum)

  PMMA film (air)

  Neat film (air)

 Iem

(x 10
6
)

(a. u.)

 / nm

0 2 4 6 8 10
10

0

10
1

10
2

10
3

10
4

 300 K

 15 K

I

 / Counts

t/ s

0 200 400 600 800 1000
10

0

10
1

10
2

10
3

10
4

 15 K

 300 K

I

 / Counts

t/ s

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

 10 K

 200 K

 300 K

Iem

(a. u.)

t / ns

PF

DF

Phos.

1 10 100 1000
10

5

10
6

10
7

10
8

F / Jcm-2

Slope = 0.96

Iem

(a. u.)

a) b) c)

d) e) f)



Ambient Triplet Harvesting from Core-substituted Arylene Diimides 

 
 

 
 

 
     167 

 

  

the same CzPhPmDI-PMMA film hints towards a significant RTP contribution in the longer 

time-range. Furthermore, temperature dependent time-resolved emission spectra was obtained by 

examining the emission intensity (exc. = 355 nm) at different time-delays to comprehensively 

elucidate the time-scales of various processes occurring in the CzPhPmDI-PMMA hybrid films 

(Figure 5.11d). As evident from Figure 5.11d, at early delay-time (0-100 ns), prompt fluorescence 

is dominating without any significant change in the emission intensity with temperature. 

However, upon increasing the delay time (1-10 µs range), we observed an increase in delayed 

emission intensity with increasing temperature reiterating the DF nature of the emission at this 

time-range. Further increase in the delay-time (10 µs-50 µs) showed a decrease in delayed 

emission intensity with increasing temperature which is in line with the phosphorescence nature 

of the emission at this longer-time range where all shorter-lived components are excluded. In 

order to elucidate the mechanism behind observed DF an excitation-intensity dependent DF 

measurement was performed (exc. = 355 nm, Figure 5.11e). A linear dependence of the DF 

intensity with a slope of 0.96, unambiguously prove the thermally activated nature of the 

emission, in contrast to a bimolecular triplet-triplet annihilation (TTA) mechanism where a 

quadratic dependence is usually observed.[22] Having obtained a comprehensive understanding of 

the both TADF and RTP characteristics of the CzPhPmDI-PMMA films, we further investigated 

the nature of the phosphorescence emission which is crucial to understand the RISC process 

between triplet and singlet excited states (vide infra). Time-resolved emission profile of these 

films show a striking blue-shift at high time-delay (>10 μs). Interestingly, at shorter delay time 

(<10 μs) the emission profile completely matches with the steady-state emission of the 

CzPhPDI-PMMA films (Figure 5.11f). This observation hints towards an additional higher 

energy state as compared to the singlet charge-transfer (1CT) state which represent the 

phosphorescence and fluorescence (both prompt and delayed) bands of CzPhPDI-PMMA films, 

respectively. 

In order to understand the nature triplet excited state that lead to efficient RTP in 

CzPhPmDI, time-resolved emission at low temperature (15 K) was conducted. Interestingly, the 

phosphorescence band (delay time = 0.5 ms, (exc. = 340 nm) at 15 K, clearly matches with the 

RTP emission profile (Figure 5.12a). In addition, solvatochromism studies of CzPhPmDI 

(dissolved in THF or MCH at 0.05 mM concentration) was performed at 77 K, to distinguish the 

LE or CT nature of the phosphorescence band. As can be seen from Figure 5.12b, the 

phosphorescence bands of CzPhPmDI in MCH, toluene and THF do not show any significant 

shift with respect to the change in polarity, therefore hinting towards the LE nature of the 

emission. In addition to this crucial observation, strong vibronic features and identical 

phosphorescence profile of CzPhPmDI with the phosphorescence profile of individual donor  
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 (CzPh) and acceptor (PmDI) units unambiguously confirm its locally excited nature (3LE). 

Hence, together with a strong DF feature, the CzPhPmDI-PMMA hybrid thin films exhibit 

strong RTP as well. Such RTP emission from higher-lying excited triplet state (Tn, n>1) is 

commensurate with the LE nature of the band involving multiple carbonyl groups, as has been 

previously reported by Dias and co-workers.[16] Based on the emission profile (both at room 

temperature and 15 K), a simplified Jablonski diagram is proposed in Figure 5.12c. As can be 

seen from Figure 5.12c, while exciting at the LE absorbance band (340 nm), first 1CT is first 

formed (via internal conversion) which competes with an ISC to the nearby 3LE state.  

 

Figure 5.12. a) Phosphorescence spectrum (λexc. = 340 nm, delay time = 0.5 ms) of CzPhPmDI 

film (1 wt. % in PMMA) at 15 K and (3LE) phosphorescence spectrum of CzPh (donor) and 

PmDI-butyl (acceptor) in THF at 77 K ([PmDI-butyl] = 0.05 mM, λexc. = 340 nm, delay time 20 

ms). b) Low temperature solvatochromism studies on the phosphorescence emission of 

CzPhPmDI at 77 K (λexc. = 380 nm, delay time = 1 ms, [CzPhPmDI] = 0.05 mM). Absence of 

any significant change in the emission spectra with solvent polarity suggest these 

phosphorescence bands are of locally excited (3LE) character. c) Simplified Jablonski diagram 

for CzPhPmDI indicating various excited state process involving the triplet exciton harvesting. 

In case of CzPhPmDI, higher energy 3LE plausibly does not participate in reverse intersystem 

crossing (RISC) process with the 1CT state through spin-orbit coupling mechanism, however, a 

hyperfine coupling between the 1CT and 3CT states is proposed to mediate spin-flipping 

process.[13b] 
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Phosphorescence from lower-lying CT state was not observed because of inherently low 

oscillator strength of 3CT. Since the locally excited triplet state is higher in energy as compared 

to the 1CT state (E3LE-E1CT = 0.2 ± 0.04 eV), the fast delayed fluorescence component of 

CzPhPmDI-PMMA hybrids could be arising from the small energy gap expected between the 

1CT and 3CT states and a hyperfine coupling mechanism is envisioned to promote the spin-

flipping process between these two CT states having similar molecular orbital 

characteristics.[16,18] 

 

Figure 5.13. Electroluminescence characteristics of the solution-processable OLED device 

using CzPhPmDI as emitting layer: a) Schematic representation of the multi-layered device 

structure b) Electroluminescence spectrum of the OLED device at 45mA cm-2 injection current 

density. The inset shows a glowing pixel of the OLED. (c) J-V-L characteristic and the d) EQE 

of the device, where the maximum luminescence intensity achieved is 37cd m2 with the maximum 

current efficiency 0.25 of CdA-1. 

The novel emission characteristics with strong triplet exciton contribution and high 

photoluminescence quantum efficiency (64 %) encouraged us to further explore the device 

application of CzPhPmDI as emitter in a solution-processed OLEDs. Figure 5.13 show the 

electroluminescence properties of CzPhPmDI with a multi-layered device structure (ITO/ 

PEDOT:PSS/mCP: 20 wt. % CzPhPmDI/Ca/Ag). The electroluminescence spectrum of 

CzPhPmDI doped mCP is shown in Figure 5.13b, at an injection current density of 45 mAcm-2. 

The current density-voltage-luminance (J-V-L) characteristics of the device is shown in Figure 
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5.13c, where the maximum luminescence intensity achieved is 37 Cdm-2 with the maximum 

current efficiency of 0.25 CdA-1. The maximum EQE of the device was 0.01% (Figure 5.13d). 

Optimizations of the device performance is currently underway. 

5.5. Blue-emitting solid-state Charge-transfer Emission from Donor-

Acceptor Core-substituted Naphthalene Monoimide 

Figure 5.14. a) Absorption (toluene) and normalized emission spectra of 0.05 mM CzPhNMI in 

different solvents showing strong solvatochromic effect (λexc. = 340 nm). b) Fluorescence lifetime 

profile of 0.05 mM CzPhNMI in toluene (λexc. = 373 nm, λmonitored = 480 nm). c) Emission spectra 

of CzPhNMI in neat film and 1 wt. % PMMA film under air and vacuum conditions (λexc. = 340 

nm). Inset: Photograph of CzPhNMI-doped PMMA film under 365 nm UV-lamp. d) 

Fluorescence (at room temperature, λmonitored = 450 nm) and e) temperature dependent 

phosphorescence decay profiles (λmonitored = 570 nm) of CzPhPmDI-PMMA hybrid film excited at 

340 nm. f) Normalized emission spectra of CzPhPmDI-PMMA film at different temperatures with 

different delay times (50 µs and 0.3 ms) showing very weak phosphorescence (λexc. = 340 nm). In 

all cases 1 wt. % CzPhNMI-PMMA composition was used. 

Naphthalene monoimides are one of the most exploited fluorophores in the arylene 

diimide family for various luminescence applications such as optical sensing, bio-imaging and 

lighting devices, because of their relatively easier synthesis and strong emission quantum 

yields.[25] In recent years, naphthalene monoimides have been studied for ambient triplet 

harvesting via room temperature phosphorescence utilizing heavy-atom substitution or charge- 

transfer design principles.[26] However, a systematic study towards triplet harvesting from this 

novel class of materials by means of thermally activated delayed fluorescence is not well-
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explored.[27] Based on our previous studies on naphthalene as well as pyromellitic diimides, we 

therefore designed and synthesized a carbazole-substituted naphthalene monoimide (CzPhNMI) 

with a phenyl spacer in between the donor and acceptor units (See Experimental Section) aiming 

ambient triplet harvesting via TADF mechanism.  

In order to understand the photophysical properties of CzPhNMI, detailed absorption 

and time-resolved emission experiments were performed. CzPhNMI (toluene, 0.05 mM) shows 

a locally excited absorption band at 280-350 nm region with sharp vibronic features. In addition 

a broad structure-less band was observed in the longer wavelength region, which is designated 

as a CT band. In the excited state, CT nature of CzPhNMI was further confirmed by strong 

solvatochromism with changing the polarity of the solvents (Figure 5.14a). However, as 

expected, no DF characteristics was observed in solution state from the CT emission band which 

exhibited only a short average lifetime of 4.3 ns (exc. = 373 nm, monitored = 480 nm, Figure 5.14b). 

In neat film state, CzPhNMI showed a cyan-emitting band which blue-shifts significantly with 

substantial increase in intensity (PLQY = 71%) when it was dispersed in low concentration (1 

wt. %) in PMMA (Figure 5.14c). However, PMMA-hybrid films of CzPhNMI do not show any 

delayed emission characteristics even under vacuum as evident from similar spectroscopic 

features in its emission profile (Figure 5.14c). Furthermore, we did not observe any new delayed 

emission contribution from the lifetime profile which remain unchanged under vacuum (Figure 

5.14d, exc. = 340 nm, monitored = 450 nm, τavg. = 5.79 ns under air and τavg. = 5.80 ns under 

vacuum). To elucidate the triplet state characteristics of CzPhNMI we further investigated 

phosphorescence profile at low temperature (15 K). As evident from Figure 5.14d and 5.14e, 

CzPhNMI shows a weak phosphorescence at 540-700 nm region with average lifetime of 2.3 ms 

(exc. = 340 nm, monitored = 570 nm). The phosphorescence nature of this band was further 

reiterated from decreasing average lifetime at room temperature (Figure 5.14e).  In addition, a 

striking similarity of phosphorescence (at 77 K, THF) of the brominated-naphthalene monoimide 

(BrNMI) having sharp and vibronic features, with the phosphorescence band of CzPhNMI at 15 

K suggests that the lowest triplet excited state of CzPhNMI is again LE in nature (Figure 5.15a 

and 5.15b, vide infra) like previously studied NDI derivatives. A simple Jablonksi diagram 

depicting the lowest excited triplet and singlet manifolds of CzPhNMI suggest a large singlet-

triplet gap (ΔEST = 730 ± 10 meV) which is unfavourable for any RISC process and hence no 

TADF component could be observed in case of CzPhNMI.  
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Figure 5.15. a) Phosphorescence spectrum (λexc. = 340 nm, delay time = 0.5 ms) of CzPhNMI 

film (1 wt. % in PMMA) at 15 K and (3LE) phosphorescence spectrum of CzPh (donor) and 

BrNMI (acceptor) in THF at 77 K ([BrNMI] = 0.01 mM, λexc. = 340 nm, delay time 20 ms). b) 

Simplified Jablonski diagram of CzPhNMI showing large gap between the 1CT and 3LE states 

and therefore no reverse intersystem crossing through a spin-orbit coupling mechanism is 

expected. The hyperfine coupling effect is also envisioned to be negligible as internal conversion 

from 3CT to lower-lying 3LE will be spin-allowed (Kasha’s Rule) and faster process as compared 

to reverse intersystem crossing to 1CT from 3CT states. 

5.6. Conclusions 

In conclusion, we have shown an efficient dual DF and RTP emission under ambient and 

amorphous conditions from cNDI derivatives by a clever molecular design to facilitate the triplet 

harvesting. Time-resolved photoluminescence studies and TDDFT calculations further provided 

a structure-property relationship to fine-tune the emission oscillator strength and charge-transfer 

states of these donor-acceptor molecules. We envisage that this study opens up an exciting, 

hitherto unexplored triplet harvesting of interesting class of cNDI family, by using the well-

established, rich chemistry of core-substitution. In fact, following this design rule, we further 

studied and successfully demonstrated efficient triplet harvesting from a similar core-substituted, 

yellow-emitting donor-acceptor pyromellitic diimide derivative with high quantum efficiency. A 

hyperfine coupling between the two charge-transfer states involved in the reverse intersystem 

crossing process is envisaged here to result in very fast delayed fluorescence component (~1.5 

µs). However, apart from maintaining the oscillator strength through the  adjustment of spatial 

overlap between the donor and acceptor subunits, we underpinned the importance of the 

confinement of charge-transfer excited states within the vicinity of locally-excited triplet state is 

crucial for effective triplet harvesting in case of similar donor-acceptor charge-transfer 

derivative, CzPhNMI. Nonetheless, Further extension of these designs to other electron deficient 
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arylene diimides (especially the perylene family) would be the next step to achieve NIR-emitting 

triplet-emitting dyes for applications in bio-imaging and OLEDs.[28]   

5.7. Experimental Section   

5.7.1. 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 are 

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 at FLSP920 

spectrometer, Edinburgh Instruments. 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 at high concentrations. Temperature dependent photoluminescence spectra were 

recorded at the same instrument using a cryostat to control the temperature (Advanced Research 

Systems). 

Lifetime measurements and quantum yield:  Fluorescence lifetimes were performed on a 

Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 373 nm nano-

LED 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, delayed fluorescence lifetime (λexc = 380 nm) and gated emission was 

measured on FLSP920 spectrometer, Edinburgh Instruments equipped with a micro flash lamp 

(µF2) set-up. Quantum yield was measured using an integrated sphere. Temperature dependent 

lifetimes spectra were recorded at the same instrument using a cryostat to control the temperature 

(Advanced Research Systems). 

High Resolution Mass Spectroscopy (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOF LC/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.  

Cyclic Voltametry: The cyclic voltammograms were recorded in dry and degassed 

dichloromethane (10 ml), with Bu4NPF6 (0.1 M) as the supporting electrolyte at room 
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temperature (scan rate = 100 mV/s). The working electrode was a Pt disc, counter electrode was 

a Pt wire and the reference electrode was Ag/AgCl wire. The HOMO and LUMO values are 

estimated by the ferrocene/ferrocenium redox couple as internal standard from the following 

equations: 

( eV35.4ox

HOMO  EE
    

(  eV35.4Re  d

LUMO EE
 

Where Eox and ERed are the oxidation and reduction potential from cyclic voltammetry. The CV 

measurements revealed that both derivatives CzNDI and CzPhNDI show two electron reversible 

reduction peaks, whereas two electron quasi reversible peaks are observed during oxidation 

cycles (Figure 5.2c and 5.2d). In the anodic sweep, the first oxidation peaks for CzNDI and 

CzPhNDI were found to be at +0.91 V and +0.82 V, respectively. Similarly, the first reduction 

peaks for CzNDI and CzPhNDI were observed at -0.49 V and -0.64 V, respectively. The 

calculated HOMO energies of CzNDI and CzPhNDI were -5.26 eV and -5.17 eV, respectively. 

The calculated LUMO energies of CzNDI and CzPhNDI were -3.86 eV and -3.71 eV, 

respectively. 

Computational Details: All the molecules were optimized in their ground state using B97XD 

[29] functional for each molecule and then their optimal  values for B97XD functional were 

calculated. The optimal  value was obtained by minimizing J2 as follows: [30-31] 

𝐽2 = ∑ [𝜖𝐻(𝑁 + 𝑖) + 𝐼𝑃(𝑁 + 𝑖)]21
𝑖=0                                                                                     

Where H and IP are the HOMO energy of and ionization potential of a given molecule or ion, 

respectively, and N is the number of electron in the molecule or ion. The optimal  values are 

provided in Table S1. The PB97XD functional with optimal  value is referred as *PB97XD 

functional. The optimal  was used to optical absorption and to optimize their S1-state and T1-

state geometries using TDDFT. Tamm-Dancoff approximation (TDA)[32] was considered for the 

calculation for triplet energies to overcome the triplet instability issue. For all the cases 

optimization of geometries and calculation of optimal   value were done using 6-31g(d) basis 

set, whereas the single point energy calculation of ground-state (S0-state), S1-state and T1-state 

geometries were done using 6-31+g(d) basis set. Nature of the excited states was described using 

natural transition orbital (NTO) analysis. [33] All the calculations were performed using Gaussian 

16 software. [34] 

Device fabrication: ITO coated glass substrate was used as the bottom electrode for the device 

and which was pre-cleaned with soap solution, deionized water, Acetone and isopropanol in a 

sonication bath for 10 min (each step). Then, oxygen plasma ashing was done to remove the 
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surface impurities and to make the glass surface hydrophilic. Hole injection layer (PEDOT:PSS) 

was then spin coated at 400 rpm speed for 50 seconds and annealed at 150˚C for 30 minutes under 

nitrogen atmosphere. Then chloroform solution of CzPhPmDI doped in mCP host (20 wt. % 

CzPhPmDI in mCP was spin-coated at 2000 rpm for 45 seconds inside the nitrogen-filled glove-

box and annealed at 80˚C for 20 minutes. The top electrode Ca/Ag (thickness 20 nm and 80 nm, 

respectively) was deposited using thermal evaporation at 0.1 As-1 initial rate. The steady-state J-

V-L measurements were done using a Keithley 2400 source-meter and 2000 multi-meter and 

calibrated silicon detector. 

5.7.2. Synthesis 

5.7.2a. Synthesis of CzNDI and CzPhNDI 

Naphthalene dianhydride (1) and 1,1-dimethyl-5,5-dibromohydantoin (DBH), Pd(OAc)2, 

Pd(PPh3)4, potassium tert-butoxide, tri(o-tolyl)phosphine were purchased from Sigma-Aldrich; 

9H-Carbazole-9-(4-phenyl)boronic acid pinacol ester, Carbazole were purchased from Alfa 

Aeser; K2CO3, Iodobenzene, Cu, n-butyl amine and n-octyl amine were purchased from 

Spectrochem and used without further purification.  

5.7.2b Synthetic Scheme: 
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Scheme 5.1. Synthetic scheme for CzNDI and CzPhNDI. 

5.7.2c. Synthetic Procedure 

Compound 2 and 3 were synthesized according to literature procedure.[20a] 

Synthesis of CzNDI: Brominated naphthalene dianhydride, 3 (0.15 g, 0.23 mmol) and carbazole 

(0.1 g, 0.58 mmol) were taken in 100 mL round bottomed (RB) flask. Anhydrous toluene (12 

mL) was added to the above mixture under N2 atmosphere. This mixture was then purged with 

N2 for about 15 min. To this reaction mixture tri(o-tolyl)phosphine (6 mg, 8 mol%) and Pd(OAc)2 

(2 mg, 4 mol%) were added and purged with N2 for another 15 min. To this solution potassium 

tert-butoxide (155 mg, 1.38 mmol) was added and finally purged the whole mixture with N2 for 

additional 5 minutes. Later this solution was refluxed at 120 ºC for 24 h and monitored by TLC. 

After completion of starting materials, water was added and extracted with chloroform (150 mL). 

Organic layer was washed with brine solution and dried over anhydrous Na2SO4. Solvent was 

removed under vacuum and the resulting mixture was purified by silica gel (100-200 mesh) 

column chromatography. 

CzNDI: Dark purple solid (69 mg, yield 42 %); 1H NMR (400 MHz, CDCl3, ppm): δH = 9.03 (s, 

2H), 8.22 (d, J = 7.2 Hz, 4H), 7.43-7.36 (m, 8H), 7.19 (d, J = 7.6 Hz, 4H), 4.01 (t, J = 7.6 Hz, 

4H), 1.30-1.21 (m, 24H), 0.84 (t, J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3, ppm): δC = 161.5, 

159.8, 140.5, 139.9, 134.2, 127.9, 127.8, 126.3, 124.7, 121.5, 121.0, 120.9, 109.6, 41.0, 31.7, 

29.2, 29.1, 27.9, 26.9, 22.6, 14.0; HRMS (ESI): calculated for C54H52N4O4: 820.3989: observed 

821.4048 [M+H] +. MALDI-TOF (DCTB matrix, negative mode) : 820.904 [M·-].  
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Figure 5.16. 1H NMR spectrum of CzNDI in CDCl3. 

 

Figure 5.17. 13C NMR spectrum of CzNDI in CDCl3. 

 

 

Figure 5.18. ESI-HRMS spectrum of CzNDI.  
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Figure 5.19. MALDI-TOF spectrum of CzNDI. 

Synthesis of CzPhNDI: Brominated naphthalene diimide 4 (130 mg, 0.2 mmol) and 9H-

Carbazole-9-(4-phenyl)boronic acid pinacol ester (0.163 g, 0.44 mmol) were taken in a 100 mL  

RB flask. Toluene (12 mL) was added to the above mixture under N2 atmosphere. This mixture 

was purged with N2 for about 15 min. K2CO3 (0.070 g, 0.50 mmol) was dissolved in millipore 

water (0.5 mL) and added to the above reaction mixture. Pd(PPh3)4 (46 mg, 20 mol%) was then 

added and purged with N2 for another 15 min. The solution was refluxed at 120 ºC for about 24 

h and the reaction was monitored by TLC. After completion of starting material water was added 

and extracted with chloroform (150 mL). Organic layer was washed with brine solution and then 

dried over anhydrous Na2SO4. Organic layer was concentrated under vacuum and purified by 

silica gel (100-200 mesh) column chromatography. 

CzPhNDI: Red solid (120 mg, yield 64 %); 1H NMR (400 MHz, CDCl3, ppm): δH = 8.78 (s, 2H), 

8.18 (d, J = 8.0 Hz, 4H), 7.77 (d, J = 8.4 Hz, 4H), 7.69 (d, J = 8.0 Hz, 4H),7.40 (d, J = 8.0 Hz, 

4H),7.69 (d, J = 8.0 Hz, 4H),7.48 (t, J = 8.0 Hz, 4H),7.33 (t, J = 7.6 Hz, 4H), 4.15 (t, J = 7.6 Hz, 

4H), 1.76-1.69 (m, J = 7.2 Hz, 4H), 1.40-1.29 (m, 20H), 0.86 (t, J = 6.8 Hz, 6H);13C NMR (100 

MHz, CDCl3, ppm): δC = 162.4, 162.3, 146.8, 140.7, 139.3, 137.8, 135.9, 129.9, 127.4, 126.7, 

126.0, 125.8, 123.6, 123.0, 120.3, 120.2, 110.0, 41.1, 31.8, 29.3, 29.2, 28.1, 27.1, 22.6, 14.1; 

MALDI-TOF (DCTB matrix, negative mode) : m/z calculated for C66H60N4O4 : 972.4615; found 

972.810 [M·-]. 
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Figure 5.20. 1H NMR spectrum of CzPhNDI in CDCl3. 

 

 

Figure 5.21. 13C NMR spectrum of CzPhNDI in CDCl3. 
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Figure 5.22. MALDI-TOF spectrum of CzPhNDI. 

The individual donor (CzPh), acceptor (NDI-butyl) and (PmDI-butyl) molecules were 

synthesized according to literature procedures.[20a, 24c, 35] 

5.6.2d Synthesis of CzPmDI 

Durene, Br2 and Pyridine were purchased from Sigma-Aldrich used without further purification.  

5.6.2e Synthetic Scheme:  

 

Scheme 5.2. Synthetic scheme for CzPhPmDI. 

3 was synthesized according to literature procedure.[24c] 

Synthesis of BrPmDI (4): Compound 1 (1 g, 3.37 mmol)  was taken in a 250 round bottom flask 

and 100 mL acetic acid was added into it and stirred at room temperature for 30 minutes. Then 

n-butylamine (0.5 g, 6.73 mmol) was added  into 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 into this reaction 

mixture to result in white precipitate. The precipitate was then filtered and dried under vaccum 

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.  
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BrPmDI: White solid (0.51 g, 43 % yield); 1H NMR (CDCl3, 400 MHz, ppm): δH  8.2 (s, 1H), 

3.74 (t, 4H, J = 7.4 Hz), 1.68 (qu, 4H, 7.5 Hz), 1.39 (h, 4H, J = 7.4), 0.96 (t, 6H, J = 7.4 Hz); 13C 

NMR (CDCl3, 100 MHz, ppm): δC 165.0, 164.8, 138.9,134.9, 116.5, 115.5,  38.7, 30.4, 20.1. 

HRMS (APCI): m/z calculated 406.0528: observed 407.0607 [M+H]+. 

Synthesis of CzPhPmDI: In a 250 ml two neck round bottom flask BrPmDI (500 mg, 1.23 

mmol) was taken and 100 ml dry toluene was added into it followed by degassing withnitrogen 

for 10 minutes. Pd(PPh3)4 (tetrakis(triphenylphosphine)palladium(0)) (150 mg, 0.12 mmol) and 

9H-carbazole-9-(4-phenyl) boronic acid pinacol ester (700mg, 1.85 mmol) were added 

subsequently to the mixture. After 15 minutesof nitrogen purging, K2CO3 (340 mg, 2.46 mmol) 

was added and refluxed for 16 hours. Toluene was removed under reduced pressure and column 

chromatography was performed using DCM as an eluent to get the pureproduct as yellow solid. 

CzPhPmDI: Yellow solid (210 mg, 30 % yield); 1H NMR (CDCl3, 400 MHz, ppm): δH 8.31 (s, 

1H), 8.14 (d, 2H, J = 7.7 Hz), 7.69 (q, 4H, J = 7.5 Hz), 7.60 (d, 2H, J = 8.2 Hz), 7.44 (m, 2H), 

3.69 (t, 4H, J = 7.4 Hz), 1.67 (q, 4H, J = 7.5), 1.37 (h, 4H J = 7.5), 0.95 (t, 6H, J = 7.4 Hz); 13C 

NMR (CDCl3, 100 MHz, ppm): δC 165.9, 165.8, 140.5, 138.8, 138.1, 133.5, 131.5, 126.0, 125.8, 

123.5, 120.3, 120.2, 116.9, 110.1, 38.5, 30.4, 20.1, 13.6. HRMS (ESI): m/z calculated 569.2315: 

observed 570.2375 [M+H]+.  

 

Figure 5.23. 1H NMR spectrum of CzPhPmDI in CDCl3. 
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Figure 5.24. 13C NMR spectrum of CzPhPmDI in CDCl3.  

5.7.2f. Synthsis of CzPhNMI: 

4-Bromo-1,8-naphthalic anhydride and EtOH were purchased from Sigma-Aldrich used without 

further purification.  

5.6.2g. Synthetic Scheme: 

 

Scheme 5.3. Synthetic scheme for CzPhNMI. 
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Synthesis of BrNMI: 4-Bromo-1,8-naphthalic anhydride (1) (2 g, 5.15 mmol) was first dispersed 

in ethanol (50 mL) taken in a 100 mL round bottomed flask. n-Octyl amine (, 6.18 mmol) was 

added to this solution under N2 atmosphere and refluxed at 80 ºC for about 3 hr. Then the reaction 

mixture was cooled to room temperature and water (100 mL) was added in it. The resulting brown 

precipitate was then filtered and was washed with ethanol (100 mL). The off-white precipitate 

was then dried under vacuum at 50 ºC for overnight. 

BrNMI: Off-white solid, (2.3 g, yield = 82%). 

1H NMR (400 MHz, CDCl3): δH 8.66 (d, J = 7.2 Hz, 1H), 8.57 (d, J = 8.4 Hz, 1H), 8.42 (d, J = 

7.6 Hz, 1H), 8.04 (d, J = 8.0 Hz, 1H), 7.84 (t, J = 7.6 Hz, 1H), 4.16 (t, J = 7.6 Hz, 2H), 1.76-1.69 

(m, 2H), 1.42-1.22 (m, 10 H), 0.87 (t, J = 6.8 Hz, 3H); 13C NMR: Due to low solubility 13C NMR 

spectra was not recorded. MALDI-TOF (DCTB matrix, positive mode)  (m/z): calculated for 

C20H22BrNO2 387.0834; found 388.180 [M+H]+. 

Synthesis of CzPhNMI: BrNMI (0.2 g, 0.52 mmol) and 9H-Carbazole-9-(4-phenyl)boronic acid 

pinacol ester (3) (0.23 g, 0.62 mmol) was taken in a 100 mL round bottom flask. Toluene (12 

mL) was added to the above mixture under N2 atmosphere. Then the reaction mixture was purged 

with N2 for 15-20 minutes. K2CO3 (0.11 g, 0.77 mmol) was dissolved in millipore water (0.5 mL) 

and added to the above reaction mixture followed by the addition of Pd(PPh3)4 (0.03 g, 5 mol%). 

This mixture was farther purged with N2 for another 15 minutes followed by refluxing under inert 

condition at 110 ºC for about 24 h. After completion of starting material, 25 mL water was added 

and extracted with chloroform (150 mL). Organic layer was washed with brine solution followed 

by drying over anhydrous Na2SO4.Organic layer was concentrated under vacuum and purified 

the compound by 100-200 silica-gel column chromatography using chloroform/hexane (10:90 

v/v) as eluent. 

CzPhNMI: Green Solid (0.155 g, yield = 55%). 

1H NMR (400 MHz, CDCl3, ppm): δH 8.70 (t, J = 8.0 Hz, 2H), 8.42 (d, J = 8.4 Hz, 1H), 8.20 (d, 

J = 7.6 Hz, 2H), 7.83-7.75 (m, 6H), 7.58 (d, J = 8.0 Hz, 2H), 7.47 (t, J = 7.6Hz, 2H), 7.34 (t, J = 

7.2 Hz, 2H), 4.23 (t, J = 7.6 Hz, 2H), 1.80-1.76 (m, 2H), 1.46-1.30 (m, 11H), 0.88 (t, J = 6.8 Hz, 

3H). 13C NMR (100 MHz, CDCl3,  ppm): δC 164.2, 164.0, 145.7, 140.7, 138.1, 137.8, 132.3, 

131.4, 131.3, 130.8, 130.0, 128.8, 128.0, 127.1, 126.1, 123.6, 123.1,122.2, 120.5, 120.3, 109.7, 

40.6, 31.8, 29.4, 29.2, 28.2, 27.2, 22.6, 14.1.  MALDI-TOF (DCTB matrix, negative mode)  

(m/z): calculated for C38H34N2O2 550.2620, found 550.305 [M.-]. 
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 Figure 5.25. 1H NMR spectrum of CzPhNMI in CDCl3. 

 

 

Figure 5.26. 13C NMR spectrum of CzPhNMI in CDCl3. 
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Figure 5.27. MALDI-TOF spectrum of CzPhNMI.  
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Chapter 6 

Triazatruxene Based Donor-Acceptor Charge-transfer 

Chromophores: A Step towards Efficient Blue-emissive 

Thermally Activated Delayed Fluorescent Molecules* 

 

Abstract 

Based on the high triplet energy of electron-rich triazatruxene (TAT), we proposed a 

rational design principle to harvest blue-emissive thermally activated delayed fluorescence 

(TADF) by a donor-acceptor charge-transfer (CT) strategy. First, we selected two acceptor units, 

benzophenone (BP) and diphenyltriazine (TRZ), known for their weak electron-deficient 

character as well as high triplet energy. Substitution of triazatruxene with –NH s was done 

successfully to obtain blue-emitting TAT-3BP with CIE colour co-ordinate of (0.20, 0.31) and 

green-emitting TAT-3TRZ with excellent photoluminescence quantum yield over 60 % and fast 

delayed fluorescence lifetime of ~1.7 µs, in addition to strong room temperature 

phosphorescence (RTP). The requirement of CT excited state confinement within the vicinity of 

locally excited (LE) triplet states of donor/acceptor units is maintained in these chromophores in 

order to facilitate efficient reverse intersystem crossing (RISC) process. Further, we also showed 

the versatility of TAT as an emerging class of donor moiety towards solution-processable TADF 

materials by substituting its core with naphthalene monoimide (TAT-NMI) which exhibit 

yellowish-orange emissive TADF with high photoluminescence quantum yield (65 %). 

 

 

 

*Manuscripts based on this work is under preparation. 
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6.1. Introduction 

Energy efficient organic light emitting diodes (OLEDs) have sparked a tremendous 

attention towards the development of high-performance materials and lack of availability of 

stable pure-blue emitters severely limits their mass production.[1] Unravelling these blue-emitting 

electroluminescent materials in turn would accomplish the commercialization of stable, efficient, 

cost-effective white OLED displays and other solid state lighting applications.[2] So far, attempts 

towards realising high-performance blue-emitters are based on certain Ir-complexes, although 

their instability often considered to be the bottleneck of their further developments.[3] Therefore, 

most of the OLED devices use a combination of traditional pure-blue fluorescent molecules and 

green or red-emitting organometallic compounds to counter the issues of low operational lifetime 

and device efficiency of blue-emitting organometallic compounds.[4] Although, the traditional 

metal-free organic blue-emitters perform well due to their high electro- and photochemical 

stabilities, inherent triplet exciton losses limits their internal quantum efficiency (IQE) within 25 

%, according to the spin-statistical restrictions.[5] Therefore, recent developments in the field of 

TADF materials can effectively surmount these triplet losses by utilizing the triplet excitons 

through a RISC process, and achieve 100 % IQE.[6] However, inherently broad spectral feature 

of CT TADF emitters renders the rapid development pure blue-emission and demands a rational 

approach.[7] With that objective, in this Chapter we have tried to utilize our understanding of 

charge-transfer state confinement in order to obtain high-energy TADF emission. The basic 

design strategy we have taken under consideration is to utilize the donor and acceptor 

chromophores having high triplet-energy and which emit phosphorescence in the deep-blue 

region of the visible spectrum. Therefore, previously studied in Chapter 3, TAT is one such 

electron-rich heterocyclic material with strong propensity to emit pure-blue RTP from their 

monomer triplet state.[8] TAT derivatives has been extensively utilized as efficient hole-

transporting materials in organic and perovskite solar cells[9] although their photoluminescence 

properties have not been explored yet. Moreover, ease in the synthetic efforts to functionalize 

both the nitrogen centres as well as the core of triazatruxene makes it a suitable candidate for 

developing TADF emitters using a wide range of acceptor units. Here, we utilized two different 

acceptors (benzophenone and diphenyltriazine) with high-triplet state energy, to functionalize the 

nitrogen-centres of TAT leading to blue-emitting TAT-3BP and green-emitting TAT-3TRZ, 

respectively.[7d,10] These molecules show excellent TADF performance in addition to RTP 

emission under ambient conditions. The confinement of charge-transfer states to the vicinity of 

LE triplet states is envisioned to provide fast delayed fluorescence (DF) lifetime and further 

modification of the acceptor units or adjusting the polarity of the host matrix is proposed to tune 
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the energy of CT states to achieve deep-blue TADF material.  In addition, to reiterate the 

versatility of TAT as a molecular scaffold, we functionalized its core with naphthalene 

monoimide acceptor (TAT-NMI) to obtain a highly solution-processable orange-emitting TADF 

material.  

6.2. Design Strategy and Synthesis 

The molecular structures of the donor-acceptor CT molecules (TAT-3BP, TAT-3TRZ 

and TAT-NMI using TAT as donor unit are outlined in Figure 6.1. TAT-3BP and TAT-3TRZ 

were synthesized by Pd-catalysed Buchwald-Hartwig amination (see Experimental Section) 

reaction and on the other hand, to synthesize the core-substituted analogue, TAT-NMI, Pd-

catalyzed Suzuki coupling reaction was utilized (see Experimental Section). All the studies were 

mainly focused on the solid state emission characteristics in order to obtain the triplet emission 

and polymethyl methacrylate (PMMA) was used as a host material in order to reduce the 

aggregation-induced quenching effects as well as to improve ambient triplet stability of the 

chromophores.  

 

Figure 6.1. Chemical structures of the donor-acceptor charge transfer molecules studied for 

triplet harvesting using TAT as central donor-scaffold.  

6.3. Blue-emitting TADF and RTP from Benzophenone-substituted 

Triazatruxene (TAT-3BP)      

 Triazatruxene has shown to be a very efficient deep-blue phosphorescence emitter in 

Chapter 3. Therefore, to design a blue-emitting CT emitter, we exploited a relatively weak 

acceptor unit with high triplet-energy, benzophenone (BP).[10] BP  has also been utilized as blue-

emitting phosphorescence emitter by Tang and co-workers[10] and its weak electron-accepting 

carbonyl group was envisioned to produce high energy charge-transfer states when conjugated 

with the donor, triazatruxene (TAT). With a single step Buchwald- Hartwig amination 
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methodology, all three –NH groups of TAT, were substituted with benzophenone (see 

Experimental Section) to obtain TAT-3BP. The optical properties of TAT-3BP was further 

analysed with detailed absorption and time-resolved emission spectroscopy. 

 

Figure 6.2. a) Normalized absorption spectra of TAT (D), BP (A) and TAT-3BP (D-A) showing 

characteristic locally-excited and charge-transfer bands ([TAT], [BP] and [TAT-3BP] = 0.05 

mM in THF). Inset shows the molecular structures of benzophenone (BP) and triazatruxene 

(TAT). b) Normalized emission spectra of TAT-3BP showing strong solvatochromic effects in 

solvents with different polarity ([TAT-3BP] = 0.05 mM, λexc. = 310 nm). c) Fluorescence decay 

profile of 0.05 mM TAT-3BP dissolved in toluene (λexc. = 373 nm, λmonitored = 500 nm). IRF is the 

instrument response function. D= donor, A= acceptor.  

  In solution state, TAT-3BP (0.05 mM, THF) shows a LE absorption band in the 280-

350 nm region and CT absorption band in the 350-450 nm region. Significant spectral-shift (, 

λmax. = 450 nm in MCH to λmax. = 560 nm in THF, λexc. = 310 nm) in its polarity-dependent 

emission profile is suggestive of a strong CT nature in the excited state (Figure 6.2a and 6.2b). 

However, in the solution state, only prompt (CT) fluorescence was observed with average 

lifetime of 7.1 ns (λexc. = 373 nm, λmonitored = 500 nm) (Figure 6.2c). Therefore, triplet emission 

characteristics of TAT-3BP was further explored in solid film state. Since, the neat films were 

less-emissive, plausibly due to the aggregation of the molecules, TAT-3BP was dispersed in 

PMMA in low concentration and we observed a substantial improvement (~15 fold increase) in 

the emission profile (Figure 6.3a). All further experiments were, therefore, performed in 1 wt. % 

TAT-3BP-PMMA composition.       
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Figure 6.3. a) Comparision of steady-state emission intensity of 1 wt. % TAT-3BP-PMMA 

hybrid film in air and under vacuum along with the corresponding neat film emission taken in 

air (λexc. = 310 nm). The inset shows the photograph of PMMA film of TAT-3BP (1 wt. %) hybrid 

film under 365 nm UV-lamp. b) Commission Internationale de l'éclairage colour co-ordinate of 

1 wt. % TAT-3BP-PMMA hybrid film. Aerated and vacuum state time-resolved decay profile of 

PMMA film of TAT-3BP (1 wt. %) at c) short time-range (1 ns -20 µs range, λexc. = 405 nm, 

λmonitored = 480 nm) in air and d) longer time-range (5 µs-2 ms) (λexc. = 310 nm, λmonitored = 480 

nm). Delayed lifetime profiles suggest remarkable triplet stability of TAT-3BP in air. 

As can be seen from Figure 6.3a, the emission intensity of TAT-3BP-PMMA hybrid 

film increase substantially under vacuum (~1.7 fold), hinting towards high triplet contribution 

(λexc. = 310 nm). Interestingly, Commission Internationale del'éclairage (CIE) colour co-ordinate 

of the film was found to be (0.20, 0.31) suggesting blue-emission and in addition, it showed 

excellent photoluminescence quantum yield of 63 % (Figure 6.3b). Moreover, the lifetime profile 

further reiterates the triplet contribution in film state as both prompt and delayed emission 

components could be observed (Figure 6.3c and 6.3d). At shorter time-range (1 ns - 20 µs), we 

observed a bi-exponential decay with a prompt fluorescence (17.1 ns, 46 %) and a delayed 

emission lifetime (1.5 µs, 54 %) which was further increased under vacuum (2.54 µs, 61 %) (λexc. 

= 405 nm, λmonitored = 480 nm, Figure 6.3c).[11] A similar enhancement of average lifetime (22.8 

µs in air to 0.37 ms under vacuum, λexc. = 340 nm, λmonitored = 480 nm, Figure 6.3d) was evident at 

the longer time range (5 µs-2 ms). Such differential delayed lifetime components further hint 

towards the dual-state TADF and RTP characteristics. In order to elucidate this observation, we 

further performed detailed temperature-dependent lifetime analyses at both time ranges. At the  
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Figure 6.4. Lifetime profiles of TAT-3BP-PMMA hybrid film obtained at different temperatures 

while monitoring at a) short time-range (λexc. = 405 nm, λmonitored = 480 nm) and b) longer time-

range (λexc. = 310 nm, λmonitored = 480 nm), showing TADF and RTP characteristics, respectively. 

c) Normalized steady-state and gated emission spectra of PMMA films of TAT-3BP at different 

temperatures with variable time-delays (50 µs, 1 ms and 5 ms) showing TADF and RTP (λexc. = 

310 nm). d) Excitation intensity dependent delayed emission profile of TAT-3BP -PMMA film 

excited at 355 nm.  e) Normalized steady-state and gated emission spectra of TAT-3BP-PMMA 

hybrid film with different time-delays (50 µs, 1 ms and 5 ms) and f) corresponding lifetime profile 

(λmonitored = 480 nm, τavg. = 0.9 ms at 15 K, τavg. = 0.23 ms at 300 K) at different temperatures while 

excited at charge-trasnsfer absorption wavelength (λexc. = 380 nm). In all cases 1 wt. % TAT-

3BP-PMMA was used. 

shorter time-range, we found a substantial decrease in delayed emission component with cooling 

down the sample temperature to 15 K (1.19 µs, 22 %) from 300 K (2.54 µs, 61 %) (λexc. = 405 

nm, λmonitored = 480 nm, Figure 6.4a).[11] This observation unambiguously proves the DF nature of 

TAT-3BP.[6d] On the other hand, at longer time-range, a reverse trend was observed where the 

average lifetime at 300 K (τavg. = 0.37 ms) sharply increases to τavg. = 1.49 ms at 15 K, proving 

the RTP characteristics of TAT-3BP (λexc. = 310 nm, λmonitored = 480 nm, Figure 6.4b). Next, time-

gated emission at both 300 K (room temperature) and 15 K was measured to understand the 

energy-levels of emissive triplet and charge-transfer singlet states which has a direct influence 

on the  ISC and RISC processes (λexc. = 310 nm, Figure 6.4c).[6] Calculated ΔEST between the 

emissive singlet and triplet levels was observed to be very low (50 ± 30 meV). Notably, at 300 

K, a substantial blue-shift in the emission profile of TAT-3BP film was observed at high delay-

time (1 ms) as compared to charge-transfer singlet state (1CT) suggesting a new long-lived 
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excited state (Figure 6.4c). In addition, the nearly-identical spectral feature of the gated emission 

at 300 K (delay-time = 1 ms) and 15 K (delay-time = 5 ms) further reiterates the presence of RTP 

characteristics along with a strong delayed emission at lower time-delay (50 µs) (Figure 6.4c). 

Furthermore, the unimolecular TADF nature was unveiled by the linear increase (slope = 1.04) 

in the DF intensity with the corresponding incident laser intensity (λexc. = 355 nm, Figure 6.4d).[6e] 

Here it is also to be noted that, direct excitation at the CT absorption band (λexc. = 380 nm) also 

result in RTP, which reiterates a close proximity between the 1CT and 3LE states (Figure 6.4e 

and 6.4f).  

 

Figure 6.5. a) Phosphorescence spectrum (λexc. = 310 nm, delay-time = 5 ms) of TAT-3BP film 

(1 wt. % in PMMA) at 15 K and (3LE) phosphorescence spectrum of TAT (donor) and BP 

(acceptor) in THF at 77 K ([TAT] and [BP] = 0.05 mM, λexc. = 300 nm, delay-time = 20 ms). b) 

Low temperature solvatochromism studies on the phosphorescence emission of TAT-3BP at 77 

K (λexc. = 310 nm, delay time = 5 ms, [TAT-3BP] = 0.05 mM). Absence of any significant change 

in the emission spectra with solvent polarity suggests these phosphorescence bands are of locally 

excited (3LE) in character. c) Simplified Jablonski diagram for TAT-3BP indicating various 

excited state process involved the triplet exciton harvesting. In case of TAT-3BP, a higher energy 

3LE undergoes spin-vibronic coupling with low-lying 3CT (green dotted circle). This in turn, 

influences the spin-flipping process between the 1CT and 3CT states to result in fast RISC by a 

combined hyperfine and spin-orbit coupling (red-blue dotted circle). The access to the 3LE states 

can be done by exciting both at locally-excited (310 nm) as well as at charge-transfer (380 nm) 

absorption wavelengths. The spin-orbit coupling between the 1CT and 3LE is shown by the blue-

dotted circle and the denoted energy gap (ΔEST) between these two states is 50 ± 30 meV. ISC = 

intersystem crossing, RISC = reverse intersystem crossing, IC = internal conversion. 
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Having obtained a comprehensive evidence of a TADF features in TAT-3BP derivative, 

we further investigated the nature of the triplet state that is involved in the intersystem crossing 

processes. First, a low temperature (15 K) time-gated (delay-time = 5 ms) emission study 

revealed that the phosphorescence of  TAT-3BP do not entirely match with the phosphorescence 

(λexc. = 300 nm, delay-time = 20 ms) of individual donor (triazatruxene, TAT) and acceptor 

subunits (benzophenone, BP) (Figure 6.5a). However, low temperature solvatochromism (λexc. = 

310 nm) studies show that the phosphorescence profiles are insensitive to the change in solvent 

polarity (Figure 6.5b). Therefore, the phosphorescence nature of TAT-3BP is asigned to 

belocally-excited (LE) in nature, although it does not identify itself with any of donor or acceptor 

units. Such observations are previously reported when a substantial conjugation between the 

donor and acceptor units exists at a certain prefered conformation of the molecule. This results 

in a different triplet excited state (with respect to individual donor/acceptor triplet states) with 

electronic/molecular orbital configuration comprizing the wavefunctions of both donor and 

acceptor units.[12]   

Based on the emission profile we observed for TAT-3BP (both at room temperature and 

15 K), a simplified Jablonski diagram is proposed in Figure 6.5c. While exciting at the LE 

absorbance band (310 nm), first 1CT is formed (via internal conversion) and a competitive ISC 

channel also opens up to populate the nearby 3LE state. This 3LE state is also accessible by 

directly exciting the film at CT absorption wavelength (380 nm) since the energy gap between 

these two states are very low (50 ± 30 meV). In addition, phosphorescence from lower-lying 

triplet CT state could not be observed due to low oscillator strength generally expected from a 

triplet charge-transfer (3CT) state.[13] However, a fast delayed fluorescence lifetime (2.54 µs) 

while excited at charge-transfer absorption wavelength  (405 nm)[14] is suggestive of hyperfine-

coupling between the closely-lying charge-transfer states. In addition, the close vicinity of 3LE 

state to the charge-transfer states also plausibly participating in spin-vibronic coupling between 

the 3LE and 3CT states.[15] Current theoretical understanding in TADF molecules proposes that 

hyperfine coupling is a dominant process between two CT states as the spin-orbit coupling (SOC) 

between two spin-states with same molecular orbital configurations (e. g. 1CT and 3CT) would 

be weak, if not zero.[13, 15a] Therefore, spin-vibronic coupling between the 3CT and closely-lying 

3LE is hypothesized to indirectly improve the SOC between the two CT states, facilitating the 

intersystem (and reverse intersystem) crossing processes. In the present scenario, the close-

proximity (50 ± 30 meV) between the 3LE and 3CT, is envisaged to offer reasonable spin-vibronic 

coupling which further enhance the fast RISC from the 3CT→1CT and fast TADF emission. 

 



Triazatruxene-based CT Emitters: A Step Towards Blue-emissive TADF Molecules 

 
 

 
 

 
198 

 

  

6.4. Green-emitting Ambient TADF and RTP from Triazine-substituted 

Triazatruxene (TAT-3TRZ) 

With an objective to achieve blue-emitting TADF emission, next we explored another 

acceptor unit diphenyl triazine which is known to have high triplet energy.[7d] We envisioned 

conjugating triazatruxene unit with diphenyltriazine (TAT-3TRZ, Figure 6.1) would provide 

suitable charge-transfer transitions and lead to TADF emission in the blue-region of the emission 

spectrum. Hence, the photophysical properties of TAT-3TRZ was further understood by 

examining various absorption and time-resolved emission measurements both at solution and 

solid film state. 

Figure 6.6. a) Normalized absorption spectra of 0.05 mM TAT (D), TRZ-Cl (A) and TAT-3TRZ 

(D-A) in THF. Inset show the molecular structures of individual donor (TAT) and acceptor 

(TRZ-Cl) control molecules. b) Normalized emission spectra of TAT-3TRZ showing strong 

solvatochromic effects in different solvents ([TAT-3TRZ] = 0.05 mM, λexc. = 300 nm). The LE 

bands exhibit sharp vibronic features (390-470 nm region) and do not shift with the change in 

polarity. c) Fluorescence decay profile of 0.05 mM TAT-3TRZ taken in toluene (λexc. = 373 nm, 

λmonitored = 530 nm). IRF is the instrument response function. 

In solution state (0.05 mM, THF), TAT-3TRZ shows a LE absorption band which 

closely matches with the acceptor control molecule (i. e. diphenyl triazine chloride, TRZ-Cl) at 

280-320 nm region along with a red-shifted charge-transfer band at 320-410 nm region, 

characteristc of TADF chromophores (Figure 6.6a). Further, the solvatochromism studies show 

substantial stokes-shift of the charge-transfer band with increasing solvent polarity reiterating the 

strong CT nature of the emission at longer wavelength (λexc. = 300 nm, Figure 6.6b). As expected, 

the strong vibronic feature of the LE emission band at 390-470 nm region do not change with 

solvent polarity. Lifetime analysis of the CT band of 0.05 mM toluene solution showed only the 

prompt fluorescence (τavg. = 4.0 ns) and no delayed emission component was observed since 

vibrational and rotational quenching effects deactivate the triplet states rapidly (λexc. = 373 
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nm,λmonitored = 530 nm, Figure 6.6c). Therefore, solid state properites were envisaged to surmount 

these quanching effects and result in strong ambient triplet emission. 

 

Figure 6.7. a) Comparision of steady-state emission intensity of TAT-3TRZ-PMMA hybrid film 

in air and under vacuum (λexc. = 300 nm). The inset shows the photograph of TAT-3TRZ-PMMA 

hybrid film under 365 nm UV-lamp. b) Commission Internationale de l'éclairage (CIE) colour 

co-ordinate of TAT-3TRZ-PMMA hybrid film. Time-resolved decay profile of TAT-3TRZ-

PMMA hybrid film at c) short time-range (1 ns -20 µs, λexc. = 405 nm, λmonitored = 510 nm) and d) 

longer time-range (5 µs-40 ms, λexc. = 300 nm, λmonitored = 510 nm) taken both in air and under 

vacuum conditions. In all cases, 1 wt. % TAT-3TRZ-PMMA composition was used. 

The emission properties of dilute TAT-3TRZ-PMMA (1 wt. % TAT-3TRZ doped in 

PMMA) hybrid films were studied substantial triplet contribution envisaging reduced non-

radiative decay in the solid state with enhanced triplet stability.  We observed a ~1.5-fold increase 

in the emission intensity under vacuum, which is characteristic of triplet contribution in the 

emission profile (Figure 6.7a, vide infra) and the corresponding CIE colour co-ordinate is in the 

green-region (0.27, 0.44) (Figure 6.7b). As studied previously, in case of TAT-3BP, we observed 

both a relatively short-lived delayed emission component (1 ns-20 µs time range) and a long-

lived component (5 µs -40 ms time-range) in the lifetime profile (Figure 6.7c and 6.7d). However, 

strong DF component even in air suggest excellent air-stabilty of the triplet states of TAT-3TRZ. 

As can bee seen in Figure 6.7c, at short lifetime range, the lifetime profile can be fitted 

biexponentially with a prompt compnent of 21.5 ns (44 %) and a delayed component of 1.6 µs 
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(56 %) in air (λexc. = 405 nm, λmonitored = 510 nm).[11] The delayed component increases 

substantially to 3.15 µs (67 %) under vacuum. On the other hand, at longer time-range, the 

average delayed emission lifetime increased from 56.8 µs in air to 3.4 ms under vacuum (λexc. = 

300 nm, λmonitored = 510 nm, Figure 6.7d). Therefore, the differential delayed lifetime components 

hint towards a dual DF and RTP which is even stable in air, as observed in the previous case 

(TAT-3BP).  

Figure 6.8. Lifetime profiles of TAT-3TRZ-PMMA hybrid film obtained at different 

temperatures while monitoring at a) short time-range (λexc. = 405 nm, λmonitored = 510 nm) and b) 

longer time-range (λexc. = 300 nm, λmonitored = 510 nm), showing TADF and RTP characteristics, 

respectively. c) Excitation intensity dependent emission profile of TAT-3TRZ -PMMA film 

excited at 355 nm. Normalized steady-state and gated emission spectra of TAT-3TRZ-PMMA 

hybrid film at different temperatures with different time-delays (50 µs, 10 ms and 20 ms) while 

excited at d) locally-excited (λexc. = 300 nm) and e) charage-transfer (λexc. = 360 nm) absorption 

wavelenghts, showing the presence of  both TADF and room temperature phosphorescence. f) 

Temperature dependent lifetime profile of TAT-3TRZ-PMMA hybrid film excited at 360 nm 

(λmonitored = 510 nm, τavg. = 1.0 s at 15 K, τavg. = 2.58 ms at 300 K).  In all cases 1 wt. % TAT-

3TRZ-PMMA was used. 

To elucidate the delayed fluorescence and RTP characteristics of TAT-3TRZ 

comprehensively, we then performed temperature dependent time-resolved emission 

measurements. In Figure 6.8a, it can bee seen that, the delayed emission component decreases 

from 3.15 µs (67 %) at 300 K to 1.75 µs (27 %) at 15 K.[11] Therefore, the delayed lifetime 

component at this range corresponds to delayed fluorescence. On the other hand, the average 
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lifetime in the longer time range increases from 3.4 ms (at 300 K) to 1.58 s (at 15 K) confirming 

its phosphorescence nature (λexc. = 300 nm, λmonitored = 510 nm) (Figure 6.8b). In addition, the 

linear dependence (slope = 0.97) of delayed fluourescence intensity with the excitation (λexc. = 

355 nm) intensity proves the thermally activated nature of the emission (Figure 6.8c). Fast 

delayed fluorescence lifetime further prompted us to investigate the enegry levels of emissive 

charge-transfer singlet and triplet states involved in the excited state spin-flipping process. 

Therefore, the phosphorescence spectrum was obtained by a time-gated emission measurement 

(λexc. = 300 nm, delay-time = 20 ms) at 15 K (Figure 6.8d). Interestingly, the onset of 

phosphorescence spectrum is observed to be higher in energy as compared to steady-state charge-

transfer emission (Figure 6.8d). In addition, the time-gated emission at 300 K also shows a blue-

shift with high delay-time (>50 µs) and reiterate the RTP emission spectrum to be higher in 

energy (ΔEST = 20 ± 10 meV) as compared to the steady-state and delayed fluorescence spectrum 

(Figure 6.8d). It is to be noted that, the RTP was also seen while exciting at charge-transfer 

absorption wavelength (λexc. = 360 nm) and similar blue-shift in the emission profile was also 

evident leading to identical phosphorescence feature at 15 K (Figure 6.8e and 6.8f).  

To further understand the triplet state of TAT-3RZ, we analyzed the individual 

phosphorescence spectrum of donor and acceptor units and compared the spectral profile with 

the phosphorescence band of the TAT-3TRZ. As evident from Figure 6.9a, the phosphorescence 

spectrum of TAT-3TRZ (λexc. = 300 nm) at 15 K, is different from both the donor (0.05 mM 

TAT in THF) and acceptor (0.05 mM BP in THF) subunits at 77 K (Figure 6.9b). Nonetheless, 

the solvatochromism studies at 77 K further suggest a locally-excited nature of the 

phosphorescence, as the emission profiles do not change with solvant polarity. To summarize the 

excited state processes that lead to dual TADF and RTP characteristics of TAT-3TRZ, a simple 

Jablonski diagram is proposed in Figure 6.9c. Assuming the small energy gap between the 1CT 

and 3CT states a hyperfine coupling mechanism is envisaged to play key role for efficient spin-

flipping process. However, the close proximity between the CT states and the 3LE state (energy 

gap between the 1CT and 3LE is just 20 ± 10 meV), ideal for effective spin-vibronic coupling 

between the 3CT and 3LE states which in turn facilitates reverse intersystem crossing between the 

1CT and 3CT states by an additional spin-orbit coupling effect (vide infra).[15]  

From the discussions above, we reiterate the importance of triazatruxenes as an emerging 

class of materials, with not just strong TADF, but as ambient phosphorescence emitters. The high 

photoluminescence quantum yield of both TAT-3BP  (63 %) and TAT-3TRZ (58 %) and fast 

delayed fluorescence lifetime (~2.5-3.1 µs) is also highly suitable for their further translation to 

OLED devices. The CIE color co-ordinate of TAT-3BP is (0.20, 0.31) is still not close to deep-

blue emission, and we are therefore plan to achieve this goal by suitable functionalization of 
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acceptor (BP), e. g. by introducing weak electron-donating functional groups or by adjusting the 

polarity of the host matrix.[16] 

 

Figure 6.9. a) Phosphorescence spectrum (λexc. = 300 nm, delay-time = 20 ms) of TAT-3TRZ 

film (1 wt. % in PMMA) at 15 K and (3LE) phosphorescence spectrum of TAT (donor) and TRZ-

Cl (acceptor) in THF at 77 K ([TAT] and [TRZ-Cl] = 0.05 mM, λexc. = 300 nm, delay-time = 20 

ms). b) Low temperature solvatochromism studies showing no significant shift on the 

phosphorescence emission profile of TAT-3TRZ at 77 K (λexc. = 300 nm, delay time = 10 ms, 

[TAT-3TRZ] = 0.05 mM). c) Simplified Jablonski diagram for TAT-3TRZ indicating various 

excited state processes leading to the triplet exciton harvesting. A higher energy 3LE undergoes 

spin-vibronic coupling with low-lying 3CT (green dotted circle). This in turn influences the spin-

flipping process between the 1CT and 3CT states to result in fast RISC by a combined hyperfine 

and spin-orbit coupling (red-blue dotted circle). The access to the 3LE states can be done by 

exciting both at locally-excited (300 nm) as well as at charge-transfer (360 nm) absorption 

wavelengths. The spin-orbit coupling between the 1CT and 3LE is shown by the blue-dotted circle 

and the denoted energy gap (ΔEST) between these two states is 20 ± 10 meV. ISC = intersystem 

crossing, RISC = reverse intersystem crossing, IC = internal conversion. 
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6.5. Yellow-emissive Solution-processable TADF from Core-substituted 

Triazatruxene (TAT-NMI) 

With a comprehensive overview on the TAT-based TADF emitters by the -NH 

substitution, we further explored the possibility of its core-substitution which is especially 

beneficial for designing solution-processd OLED materials. Hence, we selected previously 

studied naphthalene monoimide as an acceptor which did not show any TADF with a relatively 

weak donor unit, carabzole (CzPhNMI, Chapter 5). Utilizing a Suzuki coupling between the 

tetramethyl boronic ester derivative of TAT and bromo-naphthalimide, we synthesized donor-

acceptor TAT-NMI in good yields (Figure 6.1, see Experimental Section). The long-alkyl side-

chains of both donor and acceptor units are suitable for high-solubility in common organic 

solvents which is in line with the desired solution-processable TADF design. 

 

 

Figure 6.10. a) Normalized absorption and emission spectra of TAT (D), BrNMI (A) and TAT-

NMI (D-A). ([TAT] and [BrNMI] = 0.05 mM in THF, [TAT-NMI] = 0.05 mM, in toluene. Inset 

shows the molecular structures of bromo-naphthalimide (BrNMI) and triazatruxene (TAT). 

Emission spectra of show strong solvatochromic effects in solvents with different polarity ([TAT-

NMI] = 0.05 mM, λexc. = 330 nm). The locally excited bands in toluene exhibit sharp vibronic 

features in the 380-520 nm region. Arrows indicate the CT emission bands. c) Fluorescence 

decay profile of 0.05 mM TAT-NMI dissolved in MCH (λexc. = 373 nm, λmonitored = 530 nm). IRF 

is the instrument response function. D = donor, A = acceptor. 

In solution state, TAT-NMI shows characteristic locally-excited absorption at 280-375 

nm region with vibronic features and a broad charge-transfer band at 370-500 nm region (Figure 

6.10a). The corresponding emission spectra show strong solvatochromic shift of the charge-

transfer emission band (λexc. = 330 nm) and the average lifetime of the charge-transfer band is 

2.77 ns (λexc. = 373 nm, λmonitored = 530 nm, 0.05 mM MCH) (Figure 6.10b and 6.10c).  
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Figure 6.11. a) Comparision of steady-state emission intensity of TAT-NMI-PMMA hybrid film 

in air and under vacuum (λexc. = 330 nm. The inset shows the photograph of TAT-NMI-PMMA 

hybrid film under 365 nm UV-lamp. b) Fluorescence decay profile of TAT-NMI-PMMA hybrid 

film when monitored both in air and under vacuum (λexc. = 340 nm, λmonitored = 570 nm) c) 

Temperature dependent lifetime profile at longer time-range (λexc. = 330 nm, λmonitored = 570 nm) 

showing delayed fluorescence characteristic. The lifetime at 15 K was too weak for accurate 

fitting. Normalized steady-state and gated emission spectra of TAT-NMI-PMMA hybrid film at 

different temperatures with different time-delays (50 µs and 1 ms) while excited at d) locally-

excited (λexc. = 330 nm) and g) charge-transfer (λexc. = 430 nm) absorption wavelenghts. e) 

Excitation intensity dependent emission profile of TAT-NMI-PMMA film excited at 355 nm. In 

all cases 1 wt. % TAT-NMI-PMMA was used. IRF = instrument response function. 

Next, we performed the solid state emission characteristics of TAT-NMI doped in 

PMMA in low concentration (1 wt. % TAT-NMI-PMMA composition). Increase in emission 

intensity (~1.4 fold) of the hybrid film hints towards enhanced triplet stability under vacuum (λexc. 

= 330 nm) (Figure 6.11a) and therefore detailed time-resolved lifetime characteristics were 

performed to elucidate the triplet contribution. Lifetime profile of TAT-NMI shows a prompt 

fluorescence emission with average lifetime of 7.5 ns which does not increase under vacuum 

(Figure 6.11b,  λexc. = 340 nm, λmonitored = 570 nm) (Figure 6.11b). 

On the other hand, a longer-lived component with average lifetime of 2.04 ms was 

observed under vacuum[17] which decreases with lowering the temperature suggesting the the 

delayed fluorescence characteristic of TAT-NMI (Figure 6.11c, λexc. = 330 nm, λmonitored = 570 

nm).[18] Time-gated emission (delay-time = 50 µs) profile at 15 K shows a substantial red-shift 

as compared to the charge-transfer emission band and asigned as the phosphorescence band of 
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TAT-NMI (Figure 6.11d). At room temperature, time-gated emission profile (λexc. = 330 nm) 

(delay-time = 50 µs) also show a red-shift, although, very different from the phosphorescence 

band even at longer time-delay (1 ms) (Figure 6.11d). Therefore, the gated emission spectra 

(delay-time = 50 µs and 1 ms) at 300 K is asigned to the delayed fluorescence band. The reason 

behind such a high bathochromic shift (λmax. = 568 nm to λmax. = 590 nm) is not very clear at this 

moment, although similar observation has been seen in  a few TADF systems, reported by Adachi 

and co-workers.[19] The plausible reason behind this shift has been proposed as the difference in 

the nuclear configuration of singlet and triplet states. To elaborate this hypothesis, it is explained 

by the following: The delayed fluorescence is obtained by the reverse intersystem crossing from 

triplet states after a substantially long-time (in this case, in the ms scale), which has different 

nuclear configuration from initial singlet state that lead to prompt fluorescence. The polarization 

in the host medium for initial singlet state (leading to prompt fluorescence) might be different 

than the singlet excited states formed by RISC (leading to delayed fluorescence), since the 

polarization in the host matrix varries with time.[19c] Therefore, it is expected that the Frank-

Condon factor for prompt fluorescence and delayed fluorescence in such scenario (temporal-

change of polarization of these singlet states in the the host medium) would result in shifts in 

prompt and delayed fluorescence spectrum.[19a] Nonetheless, a linear dependence (slope = 0.81) 

of the DF intesity confirms the TADF nature of the emission despite the relatively large singlet-

triplet gap (220 ± 20 meV) (Figure 6.11d and 6.11e). 

As evident from Figure 6.12a, the phosphorescence profile of TAT-NMI is different 

from both donor and acceptor subunits. therefore this observation suggests towards a substantial 

contribution from both the donor and acceptor subunits in the T1 state (vide infra) and 

solvatochromism studies further confirm the LE nature of the phosphorescence emission from 

the T1 state (Figure 6.12b). From the proposed Jablonski diagram (Figure 6.12c), we see a 

substantially high energy gap between the lowest 1CT state and 3LE state (220 ± 20 meV) which 

in turn explains the very slow DF lifetime (and RISC) as well as weak DF component (~30 % of 

the total emission) in the total emission.[20] 

However, its worthwhile to mention that, the core-substituion does lead to CT emission 

reiterating the high oscillator strength with relatively more planar structure (TAT-NMI) as 

compared to N-substituted compounds (TAT-3BP and TAT-3TRZ). Therefore, bringing the 

streric effects into the future designs are envisioned to hold the key for the developement of new 

solution-processable OLED materials based on these novel class of molecules. Moreover, ample 

opportunity to substitute the core as well as –NH positions with suitable acceptors (and even 

donors) would lead us to understand the concept of multi-resonance effects in order to yield high 

triplet harvesting through TADF with desired (fast) RISC rates.[21] 
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Figure 6.12. a) Phosphorescence spectrum (λexc. = 330 nm, delay-time = 1 ms) of TAT-NMI film 

(1 wt. % in PMMA) at 15 K and (3LE) phosphorescence spectrum of TAT (donor) and BrNMI 

(acceptor) in THF at 77 K ([TAT] and [BrNMI] = 0.05 mM, λexc. = 300 nm for TAT and λexc. = 

340 nm for BrNMI, delay-time = 20 ms for both). b) Low temperature solvatochromism studies 

on the phosphorescence emission of TAT-NMI at 77 K (λexc. = 330 nm, delay-time = 1 ms, [TAT-

NMI] = 0.05 mM). Absence of any significant change in the emission spectra with solvent 

polarity suggest these phosphorescence bands are of locally-excited (3LE) character. c) 

Simplified Jablonski diagram for TAT-NMI indicating various excited state process involving 

the triplet exciton harvesting. Here, a large difference between the T1 ( 
3LE) and T1 ( 1CT), 

communicating through spin-orbit coupling, slows down the RISC process as well as lead to poor 

triplet harvesting. ISC between the 1CT and 3CT states are expected to be mediated by weak 

hyperfine coupling mechanism. However, the lower-lying 3LE will be majorly populated 

according to Kasha’s rule and hence the RISC is very poor in this case due to large gap. 

6.6. Conclusions 

In conclusion, we have shown the importance of charge-transfer excited state 

confinement within the vicinity of LE triplet states to achieve fast DF characteristics in case of 

TAT-3BP and TAT-3TRZ. Although we could not achieve a deep-blue emission from these 

molecules, the CT energy can be tuned by suitable host-polarity. Nonetheless, increased electron-

deficient nature of triazine units (TAT-3TRZ) further red-shifts the CT states as compared to the 

benzophenone derivative (TAT-3BP), suggesting that the tuning of the benzophenone core might 
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lead to the desired confinement of the charge-transfer energy to deep-blue region. Here, it is also 

worth mentioning that, the phosphorescence bands of both TAT-3TRZ and TAT-3BP do not 

match with the individual donor/acceptor units and we envision the contribution from both donor 

and acceptor units lead to such difference in the T1 state where the conformation of the molecules 

play a crucial role.  Hence a detailed theoretical calculation is underway in order to elucidate the 

excitation configurations corresponding to the T1 states by natural transition orbital analyses. 

Next, we also showed that triazatruxenes can be utilized as a versatile donor scaffold for future 

development of solution processable TADF materials by synthesizing a yellowish-orange 

emitting TAT-NMI derivative where we substituted its –NH positions with long-alkyl chains 

and substituting its core with a strong acceptor unit, naphthalene monoimide. As a perspective, 

we envision that relatively unexplored triazatruxene moieties hold a great promise for designing 

the state-of-the-art TADF materials considering their excellent chemical tunability and also high 

charge-transport ability.  

6.7. Experimental Section 

6.7.1. 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 are 

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 at FLS1000 

spectrometer, Edinburgh Instruments. 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 at high concentrations. Temperature dependent photoluminescence spectra were 

recorded at the same instrument using a cryostat to control the temperature (Advanced Research 

Systems). For laser fluence dependent measurements with 355 nm excitation source with a delay-

time of 1 µs and integration time of 10 µs. 

Lifetime measurements and quantum yield:  Solution state fluorescence lifetimes were 

performed on a Horiba DeltaFlex time-correlated single-photon-counting (TCSPC) instrument. 

A 373 nm nano-LED 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, delayed fluorescence lifetime and gated emission was 
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measured on FLS1000 spectrometer, Edinburgh Instruments equipped with a micro-flash lamp 

(µF2) set-up. For TAT-3BP and TAT-3TRZ, 405 nm pulsed diode laser-source with a pulse 

repetition rate of 10 KHz was used in MCS mode, in order to measure the delayed fluorescence 

lifetime. On the other hand, for TAT-NMI micro-flash lamp was used (λexc. = 380 nm) for delayed 

fluorescence lifetime measurement. Quantum yield was measured using an integrated sphere in 

the same FLS1000 spectrometer. Temperature dependent lifetimes spectra for all the samples 

were recorded at the same instrument equipped with a cryostat set-up (Advanced Research 

Systems) to control the temperature.  

High Resolution Mass Spectroscopy (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOF LC/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.  

6.7.2. Synthesis 

6.7.2a Synthesis of TAT-3BP and TAT-3TRZ 

2-Oxindole, 4-Bromobenzophenone, Bromobenzene, Benzophenone, Phenylmagnesium 

bromide, 2,4,6-Trichloro-1,3,5-triazine, Tris(dibenzylideneacetone)dipalladium(0), Tri-tert-

butylphosphonium tetrafluoroborate, Potassium tert-butoxide, POCl3, as well as deuterated 

solvents CDCl3, DMSO-d6, were purchased from Sigma-Aldrich and Alfa-Aesar and used 

without further purification. 
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6.7.2a Synthetic scheme: 

 

Scheme 6.1. Synthetic scheme of TAT-3BP and TAT-3TRZ. 

Synthesis of TAT (2) is given in Chapter 3. 

Synthesis of TAT-3BP: 

In a two-neck RB flask equipped with a reflux condenser, Pd2(dba)3 (0.174 g, 0.19 mmol, 30 mol 

%) was taken and 30 mL of dry toluene was added followed by purging with N2 at room 

temperature for 10 minutes under stirring. To this pink suspension, the ligand [(t-Bu)3PH]BF4 

(0.110 g, 0.38 mmol, 60 mol %) was added and purged with N2 for another 10 minutes. 

Subsequently, a mixture of triazatruxene (0.200 g, 0.58 mmol, 1 equiv.) and 4-

Bromobenzophenone (0.509 g, 1.95 mmol, 3.36 equiv.) were added to the reaction mixture and 

purged with N2 for 15 minutes. Finally, to this brown suspension, t-BuOK (0.306 g, 2.73 mmol, 

4.7 equiv.) was added, purged with N2 for 10 minutes and finally allowed to reflux at 110 oC for 

3 days. The resulting dark brown suspension was filtered, the residue was washed with DCM, 

obtained the clear dark brown filtrate, which was extracted with water. The collected organic 

layer was dried over anhydrous Na2SO4 and evaporated under reduced pressure. The dark brown 

solid thus obtained, was purified by 100-200 mesh silica gel column chromatography by using 

10 %-50 % EtOAc:Hexane solvent mixture as eluent to obtain pale yellow solid. This solid was 

further washed with EtOAc to obtain pure TAT-3BP. 
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TAT-3BP: Yellow-solid (0.24 g, 48 % yield); 1H NMR (400 MHz, CDCl3, ppm): δH 8.08 (d, 8.4 

Hz, 6H), 7.94 (d, 7.2 Hz, 6H), 7.80 (d, 8.4 Hz, 6H), 7.66-7.62 (m, 3H), 7.56-7.51 (m, 9H), 7.31 

(t, 3H), 6.95-6.91 (m, 3H), 6.30 (d, 8 Hz, 3H); 13C NMR (100 MHz, CDCl3): δC 195.83, 144.30, 

141.50, 137.43, 137.28, 137.17, 133.01, 131.94, 130.34, 128.67, 128.41, 124.10, 122.85, 122.72, 

120.69, 110.21, 105.54; HRMS (ESI): m/z calculated for C63H39N3O3: 885.2991: Observed 

886.3284 (M+H)+. 

 

 

 

Figure 6.13. 1H NMR spectrum of TAT-3BP in CDCl3. 
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Figure 6.14. 13C NMR spectrum of TAT-3BP in CDCl3. 

Figure 6.15. ESI-HRMS spectrum of TAT-3BP. 

 

Synthesis of Cl-TRZ:  

 

 

Scheme 6.2. Synthetic scheme of TRZ-Cl. 
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Synthesis of TRZ-Cl: In a two-neck round bottom flask 2,4,6-Trichloro-1,3,5-triazine  (1 g, 5.37 

mmol) was taken in 15 mL of dry THF under N2 atmosphere. The mixture was then allowed to 

stir at 0 oC for 5 minutes. To this solution, 1(M) Phenylmagnesium bromide in THF (11 mL, 

10.75 mmol) was added slowly through syringe at 0 oC over 30 minutes. The reaction mixture 

was stirred at room temperature for 12 h to get a dark-red solution which was poured in ice-water 

and extracted with DCM. The combined organic layer was dried over anhydrous Na2SO4 and 

evaporated under reduced pressure. The obtained crude was purified by 100-200 silica-gel 

column chromatography by using 20 %- 50 % CHCl3:Hexane solvent mixture as eluent to obtain 

2-chloro-4,6-diphenyl-1,3,5-triazine, TRZ-Cl as white crystalline solid.  

TRZ-Cl: White crystalline solid (0.97 g, Yield = 68%); 1H NMR (400 MHz, CDCl3, ppm): δH 

8.62 (d, 7.2 Hz, 4H), 7.65-7.61 (m, 2H), 7.56-7.53 (m, 4H); 13C NMR (100 MHz, CDCl3, ppm): 

δC 173.56, 172.33, 134.53, 133.69, 129.55, 128.96; HRMS (ESI): m/z calculated for C15H10ClN3: 

267.0563: Observed 268.0704 (M+H)+. 

 
 

 

Figure 6.16. 1H NMR spectrum of TRZ-Cl in CDCl3. 
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Figure 6.17. 13C NMR spectrum of TRZ-Cl in CDCl3. 

.

 

Figure 6.18. ESI-HRMS spectrum for TRZ-Cl. 

Synthesis of TAT-3TRZ: 

In a 100 mL two-neck RB flask equipped with reflux condenser, the catalyst Pd2(dba)3 (0.174 g, 

0.19 mmol, 30 mol %) was dissolved in 30 mL of dry toluene and purged with N2 at room 

temperature for 10 min under stirring. To this pink suspension, [(t-Bu)3PH]BF4 (0.110 g, 0.38 

mmol, 60 mol %) was added and purged with N2 for 10 minutes. Subsequently, a mixture of 

triazatruxene (0.200 g, 0.58 mmol, 1 equiv.) and 2-chloro-4,6-diphenyl-1,3,5-triazine (0.523 g, 

1.95 mmol, 3.36 equiv.) were added to the reaction suspension and purged with N2 for additional 

15 minutes. Finally, to this reaction suspension, t-BuOK (0.306 g, 2.73 mmol, 4.7 equiv.) was 

added, purged with N2 for 10 minutes and allowed to stir at 110 oC for 4 days under reflux and 

inert atmosphere. The resulting dark brown suspension was filtered and the residue was washed 
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with DCM to obtain a clear dark brown filtrate. The filtrate was then extracted with water and 

combined organic layer was dried under anhydrous Na2SO4 and evaporated under reduced 

pressure. The obtained dark brown solid was purified by 100-200 silica-gel column 

chromatography by using 10 % -50 % CHCl3:Hexane solvent mixture to obtain TAT-3TRZ as 

pale-yellow solid. 

TAT-3TRZ: pale yellow solid (0.33 g, 52 % yield); 1H NMR (400 MHz, CDCl3, ppm): δH 9.07 

(d, 8.4 Hz, 3H), 8.43 (m, 12H), 7.52 (m, 6H), 7.50-7.38 (m, 6H), 7.36-7.34 (m, 9H), 7.10-7.01 

(m, 6H); 13C NMR (100 MHz, CDCl3, ppm): δC 173.12, 165.45, 142.23, 141.06, 135.83, 132.89, 

129.31, 128.76, 127.98, 127.37, 126.69, 125.77, 123.69, 123.32, 122.52; HRMS (ESI): m/z 

calculated for C69H42N12: 1114.3968: Observed 1039.3817 (M-Phenyl+H)+. 

 

 

Figure 6.19. 1H NMR spectrum of TAT-3TRZ in CDCl3. 
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Figure 6.20. 13C NMR spectrum of TAT-3TRZ in CDCl3. 

 

 

 

 

Figure 6.21. ESI-HRMS spectrum of TAT-3TRZ. 
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6.7.2b. Synthesis of TAT-NMI: 

NBS, [Pd(dppf)2Cl2], Pd(PPh3)4, K2CO3 and AcOK were purchased from Spectrochem, 

bispinacolatodiboron were and NBS (N-bromosuccinimide) were purchased from Alfa-Aesar 

and used without further purification. 

 

 

Scheme 6.3. Synthetic scheme of TAT-NMI. 
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3 was synthesized according to literature procedure.[22] Synthesis of BrNMI is given in Chapter 

5. 

Synthesis of 4: 3 was (420 mg, 0.58 mmol), bis(pinacolato)diboron (271 mg, 1.45 mmol) and 

potassium acetate (161 mg, 1.65 mmol) were dissolved in anhydrous dioxane (20 mL) and purged 

with nitrogen for 15 minutes. To this mixture, [Pd(dppf)2Cl2] (45 mg, 10 mol %) was then added 

and stirred further at 90°C for 24 h. The solution was cooled down to room temperature upon 

completion and the solvent was then evaporated to dryness. The resulting crude was then 

dissolved in DCM and finally washed with water (3 x 30 mL) and followed by drying over 

anhydrous Na2SO4. The combined organic layer was then concentrated under reduced pressure 

to obtain a brown viscous oil. This was finally purified by silica-gel column chromatography 

using 30% Chloroform-Hexane mixture as the eluent.  

4: Colourless oil (270 mg); 1H NMR (400 MHz, CDCl3, ppm): δH 8.27 (d, 7.2 Hz, 3H), 8.0 (s, 

1H), 7.7 (d, 6.6 Hz, 1H), 7.6 (d, 8.4 Hz, 2H), 7.4 (t, 6.6 Hz, 2H), 4.98 (t, 8.4 Hz, 2H), 4.8 (m, 

3H), 1.9 (m, 6H), 1.42 (s, 12 H), 1.26-1.18 (m, 22 H), 0.78 (m, 9H); 13C NMR (100 MHz, CDCl3, 

ppm): δC 141.0, 140.5, 139.6, 138.9, 126.0, 122.7, 121.6, 121.5, 120.7, 119.8, 119.7, 110.6, 110.5, 

103.3, 103.2, 103.19, 83.8, 47.1, 48.9, 31.76, 31.72, 29.08, 28.97, 26.75, 26.71, 25.05, 22.56, 

14.07; MALDI-TOF: m/z calculated for C51H68BN3O4: 765.5405: Observed: 765.637 (M.+). 

 

Synthesis of  (TAT-NMI): BrNMI (0.2 g, 0.52 mmol) and 4 (0.23 g, 0.62 mmol) were taken in 

a 100 mL round bottom flask. To this mixture anhydrous Toluene (12 mL) was added above 

under N2 atmosphere, followed by purging with N2 for 15-20 minutes with vigorous stirring. 

K2CO3 (0.11 g, 0.77 mmol) was dissolved in millipore water (0.5 mL) and added to the above 

reaction mixture followed by the addition of Pd(PPh3)4 (0.03 g, 5 mol%). This resulting 

suspension was further purged with N2 for 15 minutes before refluxing under inert condition at 

110 ºC for about 24 h. After completion of starting material, 15 mL water was added and extracted 

with chloroform (50 mL). Organic layer was washed with brine solution followed by drying over 

anhydrous Na2SO4. Organic layer was concentrated under reduced pressure and the resulting 

crude product was purified by 100-200 silica-gel column chromatography using 5 % chloroform-

hexane as eluent to obtain TAT-NMI as orange solid. 

TAT-NMI: Red solid (0.17 g, 68 % yield); 1H NMR (600 MHz, CDCl3, ppm): δH 8.7 (d, 11 Hz, 

1H), 8.0 (d, 9.6 Hz, 1H), 8.53 (dd, 1.8 Hz, 1H), 8.4 (d, 12 Hz, 1H), 7.9 (d, 11 Hz, 1H), 7.76-7.65 

(m, 4H), 7.50-7.35 (m, 5H), 4.9 (t, 4.8 Hz, 6H), 4.2 (d, 12 Hz, 2H), 2.03-1.99 (m, 8H), 1.29-0.73 

(m, 46H); 
13C NMR (100 MHz, CDCl3, ppm): δC 147.9, 141.0, 140.9, 139.6, 139.2, 138.7, 133.17, 

133.12, 131.15, 130.8, 130.5, 128.9, 128.2, 126.7, 123.39, 123.68, 123.36, 123.0, 122.9, 121.7, 

121.6, 121.5, 121.4, 119.8, 111.9, 110.6, 110.57, 103.54, 103.2, 102.9, 47.0, 40.5, 31.8, 31.6, 
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31.5, 29.8, 29.4, 29.2, 28.9, 28.8, 28.2, 27.2, 26.68, 26.63, 26.5, 22.6, 22.5, 22.4, 14.1, 19.99, 

13.95; MALDI-TOF: m/z calculated for C65H78N4O2: 946.6215: Observed:  946.835 (M+).

 

Figure 6.22. 1H NMR spectrum of TAT-NMI in CDCl3. 

 

Figure 6.23. 13C NMR spectrum of TAT-NMI in CDCl3. 
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Figure 6.24. MALDI-TOF spectrum of TAT-NMI. 
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