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“The most beautiful thing we can experience is the mysterious. It is the source 

of all true art and science. He to whom the emotion is a stranger, who can no 

longer pause to wonder and stand wrapped in awe, is as good as dead; his eyes 

are closed. The insight into the mystery of life, coupled though it be with fear, 

has also given rise to religion. To know what is impenetrable to us really exists, 

manifesting itself as the highest wisdom and the most radiant beauty, which our 

dull faculties can comprehend only in their most primitive forms-this knowledge, 

this feeling is at the center of true religiousness” 

- 
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Preface 

 

Self-assembly of molecules driven by weak intermolecular interactions in the ground 

electronic state have profound impact in the resultant electronic excited states 

generated upon photoexcitation. The collective excited states of the molecular 

assembly, also called molecular exciton states, can have properties remarkably 

different from those of the chromophores in isolation or retain the individual 

characteristics under special conditions.  Exploring such light-matter interactions 

between the organic chromophores and the consequent excitonic energy transport 

following photon absorption has garnered significant attention among the scientific 

community. The electronic coupling between the neighboring molecules enables 

excitation energy transfer giving way to delocalization of the excitation energy over 

different chromophores. These phenomena are abundantly observed in natural 

systems, wherein the excitation energy transfer is imminent for the photosynthetic 

function of light harvesting units and possibly for the photoprotection of DNA against 

harmful UV rays. Seeking inspiration from natural systems, investigations leading to 

the development of bioelectronics originated in the direction of modulating the spatial 

extent of an exciton and the average electron-hole separation and to understand the 

processes of charge separation and recombination. 

Chapter 1 gives a brief discussion about molecular aggregates and the type of 

intermolecular interactions driving the supramolecular architecture of these 

aggregates. The efficiency of excitonic and charge transfer interactions between the 

closely-spaced molecules in organic aggregates have a huge dependence on the 

packing structure. Understanding the origin and fundamentals of the different types 

of excitonic interactions in molecular aggregates and the structure-property 

relationship forms the later part of the first chapter. Finally, the chapter will conclude 

with a  bird’s-eye view of the importance of excitonic and charge transfer interactions 

in natural systems and organic electronic materials. 

Moving from this, in chapter 2, the role of excitonic interactions in determining 

the remarkable yet enigmatic photoprotective function of a chromophoric system that 

is abundantly found in the animal kingdom, called eumelanin, will be discussed. 

Eumelanin is a ubiquitous biological pigment demonstrating several salient 

biofunctions including photoprotection. Origin of the photoprotective broadband 

absorption spectrum of eumelanin has long been a topic of scientific debate. Despite 
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several decades of study, the chemical structure along with the nature and assembly 

motifs of the constituent chromophores of eumelanin remain elusive. In the natural 

world, the supramolecular architecture of eumelanin symbolizes an organized and 

efficient organic system for photoprotection that nature developed through evolution. 

Recent theoretical and experimental investigations on melanin have widened this 

depiction by including the role of noncovalent interactions between the fundamental 

oligomers in the hierarchical assembly structure, such as π–π stacking, hydrogen 

bonding and charge transfer interactions. However, detailed reports on 

understanding the structure-property relationship of eumelanin have been restricted 

owing to the difficulties in achieving precise control of eumelanin assembly structure 

arising from the high reactivity of the intermediate species during the oxidative 

polymerization of eumelanin. Herein, we report an atypical chiral packing 

arrangement of 5,6-dihydroxyindole (DHI) arranged in herringbone fashion, 

incorporating diastereomeric zig-zag helical stacks. Unlike any of the previously 

understood π–π stacked structural motifs of eumelanin precursors, the DHI 

chromophores in the present work are arranged in a herringbone fashion with respect 

to each other. Each of the zig-zag helical stacks originate from a bifurcated hydrogen 

bonding interaction between the phenolic substituents in adjacent DHI 

chromophores. The excitation energy delocalization pathways evaluated for the 

crystalline arrangement of DHI using fragment-based excited state analysis shows 

effective exciton delocalization along the chromophores connecting each of the 

diastereomeric stacks. Along with the single crystals of DHI monomer, formation of 

covalently connected DHI trimer aggregates is also observed in the chloroform 

solution which form double-helical crystals in the mesoscopic scale. Thus, the 

crystalline evidence followed by the ensuing photophysics presented here of DHI, a 

eumelanin precursor, adds to the library of melanin packing structures identified so 

far and provides a bottom-up strategy to solve the melanin mystery. 

The influence of charge-transfer interactions, both in the ground and excited 

states, in trapping and twisting small electron-rich aromatic chromophores such as 

azobenzene, using an electron deficient perylenediimide host unit will be discussed 

in chapter 3. Chirality of self-assembled architectures hold substantial implications in 

the ensemble properties of organic chromophores such as the intermolecular 

interactions, excited state photophysics and crystallinity. Integrating the principles of 

chirality and host-guest chemistry has always ignited the scientific curiosity to 

develop bioinspired materials and in drug research. Herein, we report a novel self-

assembly strategy wherein racemic octabrominated perylenediimide (OBPDI) host 

facilitated complete transfer of racemic information to incoming achiral aromatic 
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guests. Electron deficient OBPDI with the interplay of non-covalent interactions such 

as π-hole•••π and Br•••Br halogen bonding interactions generated size-tunable 

voids in the crystal system. The synergistically generated voids facilitated trapping of 

electron rich benzenoids with the guest molecules imbibing the same chiral sense of 

OBPDI scaffold due to induction of the geometrical twist in OBPDI. The crystalline 

hierarchy of OBPDI cocrystals embraced a novel pattern of organization involving 

homochiral segregation of the mixed chromophores in the same crystal system to yield 

twisted double racemic cocrystals. The robust effect of OBPDI in modulating the 

structure of small aromatic moieties promoted the encapsulation and tuning of planar 

trans-azobenzene in OBPDI crystal system to a twisted architecture without involving 

complex synthetic designs. The twist induced in azobenzene raised the potential 

energy of the molecule to a conformation signifying the azobenzene 

photoisomerization route via inversion pathway. The twisted azobenzene thus 

trapped in the OBPDI cocrystal represents the first crystalline evidence for the various 

theoretical and spectroscopic evaluation of the structural changes involved during 

azobenzene trans-cis isomerization.  

The sensitive and unpredictable dependence of charge transfer coupling on the 

molecular morphology which is applied to tune the charge transport characteristics of 

triphenylamine and tetrabenzoacene derivatives forms the premise of chapter 4. π-

conjugated aromatic molecules with well-ordered π-π stacked solid state 

arrangements have globally attracted attention in recent years for their utility as 

charge conductors. The Marcus-Hush formalism highlights the role of internal 

reorganization energy and intermolecular electronic coupling in determining the 

charge transport efficiency through the crystalline lattices of organic chromophores. 

This theoretical approach calls for a complete evaluation of both the parameters to 

understand the full spectrum of charge transport in organic crystals. In this regard, 

herein, we present a comprehensive computational evaluation of the structure-

property correlation between charge transport characteristics and crystalline packing 

arrangement of a series of tetrabenzoacene (TBA) chromophores having different 

substituent groups attached to the core. The tetrabenzoacenes with flat π-aromatic 

core find wide applications as precursors for the generation of 2D polymers equivalent 

to the supramolecular graphene sheets. Thus, analyzing the dependency of charge 

mobility on the structural parameters of the TBA derivatives provides a molecular 

level information which can greatly assist in the development of better organic 

semiconductors. Hirshfeld surface analysis revealed that the TBA derivatives aligned 

in cofacial packing arrangements in the crystalline state, but, the TBA crystals 

exhibited sub-maximal charge transporting efficiencies. This prompted the probing of 
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different molecular stacking positions of TBA that can possibly provide high charge 

transfer rates when compared to the charge mobility in the existent crystalline lattices 

of TBA. Highly slip-stacked interchromophoric arrangements of TBA have been 

observed herein to showcase high charge transfer rates which could be attributed to 

the different distribution of nodes in the frontier molecular orbitals of the respective 

TBA derivatives. The thermodynamic preference of the TBA chromophores to adopt 

the arrangements that facilitated lower charge mobility was explored using symmetry 

adapted perturbation theory which quantitatively estimated the different energetic 

contributions to the total interaction energy. The present results can provide 

significant insights into the importance of achieving suitable energetically feasible 

interchromophoric arrangements facilitating high rates of charge transfer through 

chemical or physical modifications to develop better charge conducting materials.  

Further, the second part of chapter 4 covers a first comprehensive computational 

evaluation of the correlation between charge transport characteristics and crystalline 

packing arrangement of triphenylamine (TPA) chromophore by tuning the 

substituent groups attached to the core. Interestingly, the substituent groups attached 

to the propeller-shaped TPA moiety have influenced the crystalline packing of the 

derivatives in such a way that overlap of the phenyl rings of the TPA core could be 

achieved in varying degrees which, otherwise, is expected to showcase weak 

intermolecular coupling owing to the restriction imposed by the non-planar geometry 

of the TPA core. The diverse packing arrangements have rendered multifarious charge 

transport efficiencies to the TPA derivatives that, on an overall note, behaved as hole 

transporters. The crystal structure and their stability characterizations were 

performed by employing computational techniques such as quantum theory of atoms 

in molecules, Hirschfeld analysis, Penda’s interacting quantum atoms technique and 

symmetry adapted perturbation theory analysis while the charge transport 

characteristics were evaluated using the semi-classical Marcus theory of charge 

transfer rates. The present results can provide significant insights in choosing the best 

substituent groups to develop better TPA hole transporting materials for 

optoelectronic applications. 
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1.1 Molecular aggregates  

π-conjugated organic chromophores play important roles in driving the photo-

induced functionalities of various biological and artificial machineries.[1]–[3] In most 

cases, the organic chromophoric units form molecular aggregates that can lead to the 

onset of unique optical and electronic properties which depends on the molecular 

stacking mode.[4]–[12] In the year 1963, the pioneering work of Kasha and coworkers 

attributed the origin of the aggregate photophysics to molecular exciton theory, 

wherein the interactions between molecular transition dipoles in the aggregates lead 

to the observed photoprocesses. In optoelectronic devices, the organic materials are 

often employed in the condensed phase as films or crystals.[3],[5],[6],[13],[14] While, 

in the nature, the supramolecular architectures prudently formed by specific π-

conjugated molecules define the corresponding photofunction of photosynthetic light 

harvesting systems, DNA etc.[5],[15]–[17] The diversity in the photoexcited state 

phenomena observed in multi-chromophoric assemblies is determined by the  

migration pattern of the photogenerated collective excitations or molecular excitonic 

states.[6],[8],[18]–[25] Realizing the numerous weak interactions that cause the 

formation of exquisite molecular architectures is essential to decode the working 

principle of the different naturally occurring photoactive machineries and later, for 

the development of bioinspired optoelectronic materials.[13]   

Chapter 1 
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The wide recognition of X-ray crystallography and crystal engineering 

techniques have promoted organic molecular crystals to act as model systems for 

elucidating the correlation between packing structure and electronic/optical 

properties displayed by the photoactive materials.[26] The molecular units in the 

crystalline motifs are held-together and stabilised through the interplay of various 

noncovalent interactions such as hydrogen bonds, π-π interaction, halogen bonds 

etc.[27]–[30] These driving forces can be categorised based on the varied extent of 

energetic stabilisation provided by the contributions from electrostatic (multipole), 

dispersion, induction and short-range exchange–repulsion terms.[13]   

1.2. Intermolecular noncovalent interactions 

The strength of the noncovalent intermolecular interactions (Table 1.1) ranges 

from 0.25~40 kcal/mol, unlike the comparatively stronger covalent/chemical bonds 

(50~160 kcal/mol).[13] Attaining control over the noncovalent interactions is essential 

for engineering chromophoric assemblies that provide desirable optical properties, as 

is employed while directing the covalent bonds during the chemical synthesis process. 

The packing modes of multicomponent systems are highly important for controlling 

the charge transport abilities of organoelectronics. This is exemplified in light emitting 

diodes wherein the emissive wavelengths can be tuned with respect to the 

multicomponent architecture. The packing structures majorly directed by π-π 

stacking interactions are well known to create efficient π-ways for channelling the 

charges through the organic framework.[17],[31] Nature has mastered the art of 

arranging large number of chromophores to form functional systems. One such 

example is the symmetric aggregation of chlorophyll molecules which serve as the 

functional units in the light harvesting systems of photosynthetic bacteria and plants 

using π-π stacking interactions.[15],[16],[32] Differently sized cyclic configurations of 

chlorophyll molecular aggregates are identified in purple bacteria while, in the green 

bacteria the chromophoric aggregates form rod shaped geometries. The appropriate  
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Table 1.1: Strength scale for some frequently observed noncovalent interactions 

Type of noncovalent interaction Energy (kcal mol-1) 

Hydrogen bonds ~1-40 

π-π ~2-10 

Halogen bonds ~1-42 

Van der Waals interactions ~0.25-2 

spatial arrangements ensure efficient transfer of the energy absorbed from sunlight 

between the constituting chromophore units which is an essential step for 

photosynthesis. Likewise, hydrogen bonds form yet another class of intermolecular 

interactions ubiquitous in a wide variety of systems ranging from water molecules to 

DNA and in protein structures. The 3-dimensional double-helical structure of DNA 

(Figure 1.1) formed by the interplay of stacking and hydrogen bonding interactions 

between the nucleobases is strongly linked to the storage and transfer of genetic 

information function of DNA.[25],[30] The concept of halogen bonds was first 

introduced by Metrangelo and coworkers wherein, halogen atoms (Cl, Br or I) 

experience depletion of electron density, also called σ hole, which facilitates an 

 

Figure 1.1: Nitrogen base pairing in the 3-dimensional double-helical structure of DNA. The 

four nitrogen bases form stable hydrogen bonds with one partner. Adenine (A) pairs only with 

Thymine (T) through two hydrogen bonds while Guanine (G) pairs with Cytosine (C) via three 

hydrogen bonds. Adapted from ref [33].  
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interaction with adjacent electron-donor atoms.[28],[34]–[36] There can exist multiple 

noncovalent interactions simultaneously directing the packing structure based on the 

C/H ratios, substituent groups present and steric constraints. Subtle variations in the 

chemical composition of the organic molecule can significantly alter the packing 

structure and hence create great discrepancies in the optoelectronic properties. 

Detailed description of some of the commonly observed non-covalent interactions are 

provided in the next sections. 

1.2.1. π-π stacking interactions 

In π-π stacking interactions, π-orbitals of the organic chromophore interact 

with each other. Three major stacking interactions are commonly defined to occur 

between two aromatic surfaces, namely, the cofacial, parallel-displaced and edge-to-

face stacking interactions leading to different packing orientations. The commonly 

understood packing modes in small organic crystals include the herringbone and 

sandwich herringbone, slip-stacked, brick-layer, γ, and β structures (Figure 

1.2).[1],[37]–[40] As proposed in a model developed by Hunter and Sanders,[40] 

electrostatic interactions between the aromatic π-surfaces are believed to have a major 

control over the packing geometries arising from π-π stacking interactions. Later on, 

energetic contributions from dispersion and van der Waals forces have also been 

realized. Photophysical properties such as charge transport in organic crystals show 

varying efficiencies based on how effective are the face-to-face or edge-to-face 

interactions in the packing structure. More π-π orbital overlap between the adjacent 

molecules in an aggregate structure can boost the electronic coupling leading to 

efficient charge transport phenomena.[41] In this regard, cofacial packing modes can 

be considered as the most efficient conduits for charge transport, though, attaining 

such ideal configurations have been found to be quite challenging owing to the strong 

electronic repulsion between the chromophoric units. The herringbone and slip-

stacked packing motifs offer multidimensional channels for charge transport and  
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Figure 1.2: (A) The three stacking geometries represented by the benzene dimer: cofacial, 

parallel-displaced, and edge-to face. (B-E) shows the four crystalline packing modes exhibited 

by small conjugated molecules, which includes: (B) herringbone stacking (C) slip-stacking (D) 

brick layer stacking and (E) cofacial stacking. Adapted from ref [37]. Copyright © 2018, 

American Chemical Society. 

these packing orientations are comparatively more feasible to attain than the perfectly 

eclipsed architectures.  

1.2.2. Hydrogen bonds 

The type of interaction wherein a hydrogen atom which is covalently connected 

to an electronegative atom (X) is attracted to another electronegative atom (A) in its 

vicinity is called hydrogen bonding interaction (X-H···A). Hydrogen bonds possess 

high directionality. The strength of hydrogen bonds is majorly determined by the 

electronegativity of the X and A moieties. The hydrogen bonds are commonly 

understood to be electrostatic in nature. However, recent research works have 

identified hydrogen bonds to show covalent behaviour as described by the charge 
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transfer interaction between the bonding atoms.[27],[42],[43] Very strong hydrogen 

bonds have been recognized to have pronounced covalent character with the 

interaction energy ranging from 20-40 kcal/mol. Additionally, assistance from charge, 

resonance or cooperative effects between the interacting atoms have been shown to 

strengthen the covalent character of the hydrogen bond.[44] The recognition of 

hydrogen bonds as an electrostatic interaction originates from the electrostatic 

attraction between the H and A atoms in the X-H···A interaction driven by the 

electronegativity differences between the linked moieties. Some examples of 

hydrogen bonds predominantly having electrostatic character include the N−H···O, 

O−H···O, and O−H···N bonds. Recently, more open definitions for hydrogen bonds 

have been brought up complimented by spectroscopic evidences by recognizing the 

interaction between weak electron donors such as C-H group and π-ring acceptor 

moieties to fall within the category of hydrogen bonds.[45],[46] 

1.2.3. Halogen bonds 

The interaction between an electrophilic region localised on a halogen atom (X) 

associated with a molecular entity (R) and a nucleophilic centre (Y) on the 

same/another (R/Z) entity is termed as a halogen bonding interaction (R-X···Y-Z). 

Similar to the hydrogen bonds, the halogen bonds are also associated with high 

directionality and strength making them a preferred tool for the design of self-

assembled systems. Halogen bonds are classified into two types encompassing clear 

geometric and chemical distinctions: type I (θ1 = θ2) and type II (where θ1 ≈ 90° and θ2 

≈ 180°) where θ corresponds to the interacting angle (Figure 1.3).[28],[34],[47] The type 

I interactions are majorly dispersive forces and operates mostly at shorter distances 

while, the type II interactions possessing electrostatic character are frequently found 

closer to the van der Waals limit.  
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Figure 1.3: Types of halogen bonding interaction. 

1.2.4. Donor-acceptor interactions  

In certain crystalline aggregate systems composed of electron donor and 

acceptor chemical species, the stabilising interactions exhibit pronounced charge 

transfer characteristics leading to different types of packing arrangements. Such 

organic donor-acceptor (D-A) cocrystals find importance in the development of 

organic ferroelectrics and organic semiconductors due to the long-range arrangement 

of the charge transfer dipoles in the aggregate motif.[48] The D-A cocrystals are 

associated with densely packed structures which assists in minimizing the trapping 

of impurities within the aggregates and generating suitable energetics for efficient 

charge transport. Control and feasibility of the formation of D-A aggregate 

superstructures depends on the energy level ordering of the donor (ionisation 

potential) and acceptor (electron affinity) moieties and also utilizing chromophores 

with extended π-conjugated backbones.  

With this brief understanding about the noncovalent forces that facilitate the 

formation of aggregates in organic molecules, the later sections of this chapter unify 

the fundamentals behind the light-matter interactions and the different mechanisms 

through which the absorbed light energy is channelised in organic aggregates. The 

diverse photoprocesses exhibited by organic aggregates originate from the 
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interactions between chromophores in the photoexcited states. The section 1.4 will 

detail the structure-property relationship in various natural and artificial model 

systems.     

1.3. Electron transfer and excitation energy transfer  

The phenomenon of charge transport via the diffusion of electrons and, 

transport of excitation energy via the delocalisation of excitons in organic molecular 

aggregates are two crucial processes in diverse areas of research. For the efficient 

functioning of many opto-electronic devices wherein, interconversion between 

electric and light energy is involved, the rates of electron transfer (ET) and excitation 

energy transfer (EET) processes (Figure 1.4) carry fundamental importance.[49] 

Likewise, the creation and diffusion of excitons as well as the charge transfer process 

find importance in various biochemical machineries such as those in photosynthesis 

and respiration. In photosynthesis, light harvesting and photoprotection is facilitated 

by the efficient excitation energy transfer between the singlet excited states (SEET) and 

the triplet excited states (TEET) of the assembled chromophoric moieties. The effects 

of excitonic interactions and EET in multichromophoric systems is evidenced by the 

difference in photophysics of the aggregate structure with respect to the isolated 

chromophores. A fundamental level understanding of the ET, EET and excitonic  

interactions in the excited states of multichromophores which decides the 

photophysics of molecular aggregates is provided below.    

1.3.1. Excitonic coupling  

When a molecule absorbs a photon having a particular wavelength, it gets 

excited from the ground state to an excited state with an energy gap that matches the 

wavelength of the absorbed photon. In a classical picture, this electronic transition can 

be viewed as the oscillating displacement of an electron that can lead to a change in 

the spatial distribution of electron density in the excited state when compared to the 
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ground state. The instantaneous dipole so created is called the electric transition 

dipole moment (μ).[24] The transition dipole moment is a vector that has a magnitude 

corresponding to the intensity of the electronic transition, while, the vector direction 

is determined by the orientation of electron displacement during the process of light 

absorption. The transition dipole moments associated with the S0→S1 and S0→S2 

transitions in naphthalene and anthracene molecules are represented in figure 1.5. 

 

Figure 1.4: Electron transfer (ET) and different excitation energy transfer (EET) processes 

visualised in various artificial and natural machineries. Adapted with permission from ref [49]. 

Copyright © 2009, American Chemical Society. 
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Figure 1.5: Shows the transition dipole moment for the S0→S1 and S0→S2 transitions in 

naphthalene and anthracene molecules.  

In organic molecular aggregates where, multiple chromophores are located in 

close proximity, the electronic excitation no longer stays confined to a particular 

chromophore, but instead, becomes delocalised over the adjacent molecular units. 

Such electronic states that are generated in molecular aggregates, owing to a 

phenomenon called exciton coupling between the interacting molecules are termed as 

molecular exciton states. The excitonic states are formed when original excited states 

of the individual chromophores are coupled to one another as a consequence of 

sharing of excitation energy between the molecules. Based on the packing structure of 

organic aggregates driven by the various noncovalent interactions, the 

photogenerated excitons or collective neutral excitations can be transported over the 

aggregate structure or may remain localised on one of the interacting units. The optical 

excitations in the molecular aggregates are comprised of both electronic and 

vibrational degrees of freedom due to the significant nuclear rearrangements that can 

occur within the constituent chromophores.  

Six decades ago, Michael Kasha proposed one of the first models to describe 

the photoexcited state properties of molecular aggregates. The initial attempts by 

Davydov, McRae and Kasha, which were directed towards understanding the 

enhanced phosphorescence with a simultaneous loss of fluorescence emission in 

certain molecular aggregates, led to the development of the renowned molecular 
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exciton theory. According to the exciton theory, the observed photophysical 

phenomena in linearly packed aggregates depend on the coulombic coupling between 

the neighbouring chromophores.  

 The excitonic coupling can be understood based on a simple dimer model  

wherein, a dye aggregate consisting of two interacting molecular units (A and B) and 

having degenerate energy levels, give rise to a set of two non-degenerate energy 

levels. The newly formed excitonic states in the dimer system are linear combinations 

of the initial unperturbed excited energy levels of the individual chromophore units. 

One of the excitonic state in the aggregate lies higher in energy with respect to the 

original monomer excited state while, its twin counterpart, lies lower in energy to the 

monomer excited state (EQs 1.1 and 1.2).[7],[15] 

𝜓𝑠𝑦𝑚𝑚 =
1

√2
(𝐴′𝐵 + 𝐴𝐵′)           (EQ 1.1) 

𝜓𝑎𝑛𝑡𝑖𝑠𝑦𝑚𝑚 =
1

√2
(𝐴′𝐵 − 𝐴𝐵′)     (EQ 1.2) 

Eqs 1.1 & 1.2 represent the two linear combinations of the initial excited states of 

molecules A and B (prime indicates electronic excitation). The packing structure of the 

dye aggregate, which, determines the slip-angle or the angle between the transition 

dipoles and the line joining the centres of the two molecules, decides which of the two 

excitonic states would get populated upon photoexcitation of the dye aggregates. The 

feasibility of photoexcitation to a particular excitonic state in the dimer model depends 

on the phase relationship or the relative phases of motion between the transition 

dipoles of the two chromophores. The transition dipoles can be “in-phase” or “out-of-

phase” with respect to each other based on the geometry of molecular packing.   

In case of parallel transition dipoles, i.e. when the chromophores are arranged 

in face-to-face orientation (at a slip angle > 54.4°), allowed electronic excitation occurs 

to the higher excitonic state. Hence, as a result of the excitonic coupling, the electronic 
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absorption spectrum of such cofacial aggregates is blue-shifted compared to the 

absorption band of the monomer chromophore. These aggregates are also called H-

aggregates, where “H” stands for “hypsochromic”. The H-aggregates are usually 

associated with low radiative decay rates since the fluorescence emission is 

understood to proceed from the lowest excited state and the population of higher 

energy excitonic state can favour other non-radiative decay pathways such as 

intersystem crossing. The cofacial or parallel packing in H-aggregates, however, is 

ideal for efficient charge transport through the aggregate system due to the enhanced 

π-π  orbital overlap. 

 In contrast, for the dye aggregates having colinear or head-to-tail 

arrangements of the transition dipoles, the bulk of the oscillator strength is carried by 

the lowest excitonic state, leading to red-shifted absorption spectrum when compared 

to the monomer absorption bands. Such slip-stacked aggregates (at a slip angle < 54.4°) 

are called J- (“J” after “Jelley”) or Schiebe aggregates. They are generally associated 

with strong fluorescent character or “superradiance” phenomenon. Apart from the 

mutual orientation of the transition dipoles in the chromophoric units, the magnitude 

of excitonic coupling depend on other factors such as: magnitude of the transition 

dipole moment, degeneracy of the unperturbed energy states and distance between 

the chromophoric units. The transition dipoles having greater spatial length can 

interact significantly with the nearby dipoles leading to stronger excitonic coupling, 

while for weak electronic transitions, the excitonic coupling is almost negligible.   

 In addition to the through-space coulombic coupling facilitated formation of 

excitonic states in molecular aggregates, the close spaced chromophoric units can also 

undergo wavefunction overlap and intermolecular charge transfer (CT). Such charge 

transfer interactions can also affect the formation and energetics of the excitonic states 

and thereby, can have profound impact on the photophysical and transport properties 

exhibited by the organic aggregates. Unlike the coulombic excitonic coupling which 
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generally acts at long ranges, the intermolecular CT-mediated interactions can be 

classified as short-range excitonic coupling that can independently affect the overall 

photophysics of the aggregates. The CT coupling also depends on the mutual 

orientation of the chromophore units along with the nature of wavefunction 

distribution in the highest occupied molecular orbitals (HOMO) and lowest 

unoccupied molecular orbitals (LUMO) of the individual chromophores. Thus, the 

total excitonic coupling in molecular aggregates can be considered as the sum of the 

long-range coulombic and short-range charge transfer interactions between the 

neighbouring molecular units. Sometimes, based on the type of chromophore and the 

packing motif, one type of excitonic coupling can outweigh the other leading to a rich 

array of photophysical behaviours. For eg., helical π-stacks of certain biomolecules 

such as carotenoid lutein behave as coulomb-coupled H-aggregates, despite the 

presence of closely spaced chromophores. The increasing twist angle in helical stacks 

weakens the intermolecular orbital overlap thereby leading to low charge-transfer 

coupling contribution towards the total excitonic coupling. 

1.3.2. Interchromophoric interactions facilitating excitation energy 

transfer in molecular aggregates 

According to the generalized theory for excitonic coupling, a rich array of 

photophysical behaviours are exhibited by the different aggregate/crystal 

architectures due to the varying degrees of short- and long-range intermolecular 

interactions between the chromophores. For eg., just within the subset of herringbone-

packed organic crystals, the coupling between the excited states is observed to range 

from Kasha-like to Frenkel-CT mixed states. This is exemplified by the 

oligophenylenevinylenes wherein, the molecules with large S0→S1 transition dipole 

moments induce dominant Coulombic coupling, while, the oligoacenes such as 

tetracene and pentacene, possessing small S0→S1 transition dipoles exhibits significant 

mixing of the Frenkel and charge transfer states. [7],[15],[19],[50],[51]  
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i. Long-range Coulombic coupling 

The Coulombic contribution between two molecules is mostly effective when 

the molecules are not in close-proximity. It is often evaluated using the Forster 

excitation energy transfer mechanism by employing the point-dipole approximation 

(Figure 1.6). The electronic excitation energy transfer occurring in this phenomenon 

originates from an inductive resonance interaction between the molecular transition 

dipole moments. In another sense, this can also be considered as the synchronous 

induction of electronic oscillations in an acceptor molecule by the semi-classical 

oscillations of the electrons on the donor molecule during its de-excitation process, 

thereby, leading to electronic excitation of the acceptor molecule. The Coulombic 

dipole-dipole interaction varies with the inverse of the cube of the center-to-center 

intermolecular separation between the two interacting molecules and hence stands  

 

Figure 1.6: a) Forster energy transfer (top) mechanism and b) the two-electron Dexter energy 

transfer (bottom) mechanism. Adapted from ref [53]. Copyright © 2012, American Chemical 

Society. 
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) 

valid even at distances on the nanometer scale. The coupling term facilitating the 

energy transfer is a quantum-mechanical entity describing the interaction between the 

reactant and product wavefunctions.[15],[52] 

𝐽𝑐𝑜𝑢𝑙 =
1

4𝜋𝜖0
𝜅

|𝜇1||𝜇2|

𝑅3
                    (EQ 1.3)  

𝜇1 and 𝜇2= transition dipole moments of the donor and acceptor        

molecules with SI units of coulomb-meter 

 𝑅= centre-to-centre intermolecular distance between donor and acceptor  

 𝜅= orientation factor which is given by the expression: 

 𝜅2 =  (1 −  3 cos2 𝜃)2 

𝜃= angle between the transition dipole moment vectors and the line 

connecting the molecular centres 

Hence, from EQ 1.3, for the parallel side-by-side orientations, or the H aggregates, 

54.7° < 𝜃 < 𝜋/2 leads to 𝐽𝑐𝑜𝑢𝑙 > 0. While, 𝜃 < 54.7° for the head-to-tail orientations of 

J-aggregates results in 𝐽𝑐𝑜𝑢𝑙 < 0. At 𝜃 = 54.7°, also called as the magic-angle stacking, 

the 𝐽𝑐𝑜𝑢𝑙 attains zero value. However, at distances close to the van der Waals 

interactions, the short-range intermolecular orbital overlaps become comparable or 

even larger than the Coulombic couplings and hence evaluation of the charge transfer 

coupling finds importance for defining the type of aggregate structure. 

ii. Short-range charge transfer coupling 

Wavefunction overlap and intermolecular charge transfer (CT) processes are two 

important occurrences that also contributes to the fate of the photoexcited states and 

the transport properties of molecular aggregates having close nearest-neighbour 

contacts (at distances less than 5 Å).[15],[52],[54] CT mediated model for excitonic 

coupling appears as a double-step electron transfer process where electron and hole 

transfer occurs in a synchronous manner between the two interacting molecules which 

effectively leads to the exchange of electronic excitation from one molecule to another. 



Chapter 1- Introduction: When Chromophores Communicate With Each Other 
 

16 
 

Thus, the mechanism of excitonic coupling at short-ranges is promoted by the HOMO-

HOMO and LUMO-LUMO wavefunction overlaps between the adjacent 

chromophores (Figure 1.7). The photophysical properties as determined by the CT 

mediated coupling are controlled by the relative phase relationship between the hole 

(th) and electron (te) charge transfer integrals. The charge transfer integrals can be 

modulated by the changes in molecular arrangements such as the long- and short-axis 

displacements between the neighbouring chromophores due to the high sensitivity of 

te and th towards the shape and nodal patterns of the HOMO and LUMO levels.  

 

Figure 1.7: The wavefunction overlaps between the HOMO (LUMO) levels of two 

representative ethylene molecules placed in cofacial configuration. Valence and conduction 

bands are formed when there exist strong interactions between large number of stacked 

molecules. Adapted from ref [54] Copyright (2002) National Academy of Sciences. 

The excitation energy transfer promoted by orbital overlap effects has a strong 

exponential dependence on the intermolecular separation between the chromophores. 

When the charge transfer state is well-separated from the Frenkel or local excited state, 

the specific form of the CT mediated excitonic coupling (𝐽𝐶𝑇) can be attained by the 

second order perturbation theory represented by: 
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𝐽𝐶𝑇 =
−2𝑡𝑒𝑡ℎ

𝐸𝐶𝑇−𝐸𝑆1

 , |𝐸𝐶𝑇 − 𝐸𝑆1
| ≫ |𝑡𝑒|, |𝑡ℎ|               (EQ 1.4) 

𝑡𝑒 , 𝑡ℎ= electron and hole transfer integrals 

𝐸𝐶𝑇= energy of the CT state 

𝐸𝑆1
= energy of the Frenkel exciton state 

Based on the charge transfer coupling, the aggregate geometries leading to 𝐽𝐶𝑇 < 0 are 

classified as J-aggregates, while the 𝐽𝐶𝑇 > 0 for H-aggregates. 

1.3.3. Electron transport  

Efficient transport of charge carriers is a vital characteristic feature of organic 

semiconductor materials, but for most cases achieving good carrier transport forms 

the bottleneck in the functioning of electronic devices. Developing strategies to 

increase the charge mobility in organic materials through material processing and 

molecular design  has thus grabbed attention in the recent future.[55] The mechanisms 

of charge transport in organic assemblies are proposed in two regimes: (i) band regime 

for delocalised electrons and (ii) hopping regime for localized charges. The type of 

transport model followed by an organic crystal depends on the evolution of charge 

transport through the assembly structure as a function of temperature.[54],[56] At low 

temperature, charge transport through certain organic crystals followed the band-like 

regime. Here, the charge mobility is determined by the total width of the valence and 

conduction bands formed from the HOMO and LUMO levels of the interacting 

chromophores in the molecular assembly. The total width of the energy bands 

depends on the amplitude of the transfer integrals between the interacting molecular 

units in close-contact and the carrier transport is described by the Boltzmann transport 

equation. While, at higher temperatures, phonon-scattering processes reduced the 

effective bandwidths and the charge carriers get localized leading to thermally-

activated hopping of the charge carriers over the neighbouring chromophores. At the 

microscopic level, this mechanism can be picturised as an electron transfer process 
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from a charged unit to an adjacent neutral system. In such cases, Bredas et al. first 

proposed the use of the semi-classical Marcus theory of electron transfer to describe 

the charge transport process. The charge transport through a series of organic crystals 

has been evaluated in the hopping regime in this dissertation. Based on the Marcus 

semi-classical theory, the charge carriers are assumed to be completely localised on 

one single molecule and the transport involved sequential hopping of the charges 

from one molecule to another. The rate of charge transfer or the hopping rate is 

expressed as:  

 𝑘𝑖 =
𝑉2

ℏ
√

𝜋

𝜆𝑘𝐵𝑇
𝑒𝑥𝑝 (−

(𝜆+∆𝐺0)2

4𝜆𝑘𝐵𝑇
)                 (EQ 1.5) 

𝑉= electronic coupling or the intermolecular hopping integral 

𝜆= charge reorganization energy 

∆𝐺0= total Gibbs free energy change  

The respective electronic coupling term or the transfer integral for electron and hole 

transport reflects the strength of interaction between the neighboring chromophoric 

units and the charged states can be regarded based on the frontier molecular orbitals 

(FMOs). The magnitude of the coupling term as evaluated using the simple FMO 

approach equals to the energy level splitting of the interacting molecular orbitals 

wherein, HOMO-HOMO coupling corresponds to hole transport, the LUMO-LUMO 

coupling corresponds to electron transport.  

The charge reorganization energy explains the free energy change associated 

with the molecular relaxations during the charge transport process. The exponential 

term in the EQ 1.5 describes the “inverted region”. The formalism for evaluating the 

rate of charge transfer takes the form of the famous Arrhenius equation: 𝑘 ∝

𝑍 𝑒𝑥𝑝 (−
𝐸𝐴

𝑘𝐵𝑇
) where the 𝐸𝐴 in the Marcus equation is equivalent to 

(𝜆+∆𝐺0)2

4𝜆
. Later 

developments led to the assumption that ∆𝐺0=0 for charge transport, thereby reducing 
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the reaction barrier to 
𝜆

4
 for thermal activation. Thus, with the above approximations, 

the Marcus-Hush formalism for charge transport through an organic crystal can be 

evaluated using the eq: 

𝑘𝑖 =
𝑉2

ℏ
√

𝜋

𝜆𝑘𝐵𝑇
𝑒

−𝜆

4𝑘𝐵𝑇                    (EQ 1.6) 

Hence, regardless of the transport mechanism, the electronic coupling and the 

reorganization energy terms form the two important molecular parameters that 

governs the charge transport phenomenon and evaluation of both these values stands 

essential for the development of better conducting materials for device applications. 

The EQ 1.6 stands valid for the cases where 𝑉 ≪ 𝜆, since in this condition the charge 

transfer process occurs in the non-adiabatic transition regime where the charge is fully 

trapped by the molecular reorganization process. Also, under high temperature 

conditions, the environment fluctuations can be treated classically while, the thermal 

activation process is thought to vanish at low temperatures. 

1.3.4. Characterization of excitonic and charge transfer states 

 Characterizing the type of excited states formed in molecular aggregates is of 

utmost importance to describe the photoprocesses occurring in biological systems 

such as DNA and in organic electronics. When two or more chromophores come in 

close-contact, the photoexcitation process can lead to the formation of local excitations 

on the interacting fragment units and charge transfer states (Figure 1.8 (I and II)).[57] 

The excited states in π-systems may even interact with each other when the 

intermolecular separation is small (<5 Å), to yield eigen functions that are arbitrary 

mixtures of the initial excitations (Figure 1.8 (III and IV). 

In an aggregate system, the excited states resulting from transitions occurring 

between two molecular orbitals localized on the same fragment unit are called Frenkel 
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exciton states. The Frenkel excitons can remain localized on one particular fragment 

species, to form locally excited states or can delocalize between nearby fragments to 

result in excitonic resonance states.  In contrast, if the initial and final orbitals are 

located on different fragment units for a particular transition, the resulting excited 

states are termed as charge separated states. Here, if there is a net transfer of charge, 

charge-transfer states are formed while charge-resonance states are produced when 

two opposing charge-transfer states come into resonance with each other without a 

net transfer of charge.  

 

Figure 1.8: Shows the electron-hole separation occurring between the two molecular fragments 

that can result in the formation of I) Locally excited states; II) Charge transfer states; III) 

Excitonic resonance states and IV) Charge resonance states. Adapted with permission from ref 

[57]. Copyright © 2012, American Chemical Society. 

1.4. Aggregate states in natural and artificial machineries 

The light harvesting complexes (LHC) form a wonderful array of chromophoric 

system that facilitate efficient excitation energy transfer for photosynthesis. For eg., 

the bacteriochlorophyll (Bchl a) molecules in the LHCs in purple bacteria exist at high 

concentrations forming two rings. The B800 and B850 rings contain Bchl a molecules 

that result in the absorption of 800 and 850 nm light respectively. The constituting 

chromophores in B800 ring are weakly coupled with respect to each other resulting in 
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localized excitations. The transient absorption kinetics of the B800 absorption bands is 

associated with a biexponential decay curve constituted by a slow component of 1.2-

1.9 ps corresponding to B800-B850 transfer and a fast component of 0.3-0.8 ps 

attributed to B800-B800 hopping. The Bchl a chromophores in the second B850 ring 

are arranged perpendicular to the pigments in B800 ring. The pigments in the B850 

ring are closely spaced resulting in strong electronic interaction between the nearest 

neighbors. Due to the strong electronic coupling, Bchl a absorption band is red-shifted 

to 850 nm and the excitation energy is delocalized over the ring. [58]–[60] 

The electronic excitation process can be harmful to DNA due to the mutagenic 

action of sunlight resulting in the production of various photochemical products. 

Understanding the onset of the ultrafast photochemical reactions in DNA from UV 

excitation has grabbed lot of scientific curiosity. Several experimental (steady-state 

absorption, emission and circular-dichroism spectroscopy) and theoretical evidences 

point towards the formation of excitonic states through the strong electronic coupling 

between the interacting nucleobases in DNA. The fate of these excited states still 

remains inconclusive, and one proposed model for the excited state dynamics of DNA 

includes generation of long-lived CT states from the initial Franck-Condon states or 

long-lived excimer states. Owing to the excitonic and charge transfer states, the excited 

state lifetimes in small oligomers of DNA have been identified to be several orders of 

magnitude greater than the lifetime of excited states in isolated nucleobases (identified 

to be in the sub-ps regime). DNA motif also acts as a pathway for efficient charge 

transport that has relevance for various cellular processes and development of DNA-

based devices.[22]  

The production of electronic excitations or excitons in dielectric solid materials 

can be facilitated via light absorption or through the generation of free holes and 

electrons after electrical or optical pumping. The excitons, which can be considered as 

bound electron-hole pairs with neutral charge, can delocalize through the solid 
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Figure 1.9: The excited states and the corresponding photodynamics observed in i-motif form 

of cytosine chains (dc)10, a representative model system to decode the photoprocesses in DNA. 

Adapted with permission from ref [22], Copyright © 2019, The Author(s). 

aggregates resulting in the transport of excitation energy through the system.[61] In 

organic solid materials, the excitons are classified into Frenkel and Wannier-Mott 

excitons, based on the separation between the electron and hole in the bound pair. The 

Frenkel excitons are associated with zero electron-hole (e-h) separation and large 

binding energy (~1 eV). This means, the electron and hole in the case of Frenkel 

excitons occur on the same molecular entity. While, for the Wannier-Mott exciton, the 

e-h separation is larger with small (~1 meV) binding energy values. The two types of 

excitons also differ in the magnitudes of e-h coupling as well as the rates of charge 

hopping between the adjacent molecules or atoms. Molecular orbital overlap between 

the neighboring molecules promotes the independent movement of electrons and 

holes through the nearby entities, the efficiency of which depends on the Coulombic 

coupling between the charged species. When the Coulombic interaction is large, the 

e-h binding energy is made stronger for the effective separation of both the species, 

thereby, hindering the facile hopping of the free charges through the system. Hence, 

the electrons and holes occupy the same molecule and this forms the basis for the 

Frenkel exciton limit, wherein, the electrons occupying the LUMO level and holes 

occupying the HOMO level propagates through the solid aggregates driven by 

electrostatic interactions between the molecules (assuming charge overlap is small).  
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 For Wannier-Mott excitons, the presence of strong charge overlap, the e-h 

separation extends to several orders of angstroms leading to the generation of 

continuum like states characterized by large dielectric constant values. There also exist 

an intermediate case, termed as the charge transfer (CT) exciton which is associated 

with sufficient, yet not large e-h separation distances, the smallest case being that of 

one molecule separation length. Thus, for CT excitons, the electron resides on one 

molecule while the hole resides on the neighboring chromophore and propagation of 

such exciton states is a common occurrence in donor-acceptor complexes. The 

photoconductivity of organic crystals often occurs through CT excitons acting as 

intermediate states in the generation of free carriers from the photogenerated Frenkel 

excitons. 

1.5. Objectives and scope of the thesis 

           The feasibility and efficiency of excitation energy transfer and charge transport 

phenomena have huge dependence on the supramolecular architecture of organic 

aggregates. The rates of these photoprocesses are estimated based on the electronic 

coupling factor between the molecular orbitals of the neighboring molecules and the 

density of states. Understanding the structure-property relationship wherein subtle 

changes in molecular packing of the organic aggregates or the nature of distribution 

of electronic wavefunction can lead to significant alteration of the opto-electronic 

properties is of paramount importance in various fields of research. Generating a 

perfect balance between highly conducting and lower energy molecular packing 

arrangements is indispensable for achieving molecular systems that encompass 

desired photophysical properties. This dissertation is devoted to explore the 

importance of achieving suitable energetically feasible interchromophoric 

arrangements facilitating high rates of exciton transport and charge transfer 

interactions through chemical or physical modifications in various organic 

chromophores of biophysical relevance. 
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Chapter 2 

Exciton Interactions in Helical Crystals of a 

Hydrogen-Bonded Eumelanin Monomer 

 

Abstract 

Eumelanin, a naturally occurring group of heterogeneous polymers/aggregates 

providing photoprotection to living organisms, is understood to be made up of 5,6-

dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) building 

blocks. Despite their prevalence in the animal world, the structure and therefore the 

mechanism behind the photoprotective broadband absorption and non-radiative 

decay of eumelanin remain largely unknown. As a small step towards solving the 

incessant mystery, DHI is crystallized in a non-protic solvent environment to obtain 

DHI crystals having a helical packing motif. The present approach reflects the solitary 

directional effect of hydrogen bonds between the DHI chromophores for generating 

the crystalline assembly and filters out any involvement of the surrounding solvent 

environment. The DHI single crystals having an atypical chiral packing motif 

(P212121 Sohncke space group) incorporate enantiomeric zig-zag helical stacks 

arranged in a herringbone fashion with respect to each other. Each of the zig-zag 

helical stacks originates from a bifurcated hydrogen bonding interaction between the 

hydroxyl substituents in adjacent DHI chromophores which act as the backbone 

structure for the helical assembly. Fragment-based excited state analysis performed 

on the DHI crystalline assembly demonstrates exciton delocalization along the DHI 

units that connect each enantiomeric helical stack while, within each stack, the 

excitons remain localized. Fascinatingly, over the time evolution for generation of 
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single-crystals of the DHI-monomer, mesoscopic double-helical crystals are formed, 

possibly attributed to the presence of covalently connected DHI trimers in chloroform 

solution. The oligomeric DHI (in line with the chemical disorder model) along with 

the characteristic crystalline packing observed for DHI provides insights into the 

broadband absorption feature exhibited by the chromophore. 
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2.1. Introduction 

Eumelanin, which represents a broad class of natural pigments found in the 

animal kingdom, acts as a biological shield for protecting the skin cells against harsh 

UV radiation.[62] The black colored eumelanin pigment is one of the extensively 

explored archetypes of the melanin family which is obtained from the oxidative 

polymerization of 5,6-dihydroxyindoles (DHIs) and 5,6-dihydroxyindole carboxylic 

acid (DHICA) units [Figure 2.1.a][63] The synergistic merits of eumelanin with respect 

to the broadband UV absorption and proficient dissipation of the excessive electronic 

energy via non-radiative deactivation of the excited states, provides an explanation for 

the photoprotective nature of the pigment.[64] Apart from the photoprotective 

behavior, melanin possesses exceptional antioxidant activity via its free radical 

scavenging traits.[65]–[67] However, much less has been understood about the 

fundamental photophysics and structural features of eumelanin due to the enormous 

heterogeneity in the molecular framework[68],[69] coupled with poor solubility in 

common solvents.[70] Recent years have witnessed a growing interest towards 

unravelling the excited state processes occurring in the eumelanin pigment upon 

interaction with light.[71],[72] A better correlation between the structure–property 

relationship and photoexcited state processes in eumelanin can guide the 

development of inspired functional materials for potential application in biomedical 

and dermo-cosmetic fields.[62],[73]–[75]  

In the natural world, the chromophoric architecture of eumelanin can 

symbolize an organized and efficient organic system for photoprotection that nature 

developed through evolution. The outcome of the research done so far indicates the 

presence of continuous π-stacks of oligomers in eumelanin which induce different 

levels of aggregation to construct the eumelanin framework.[76] Furthermore, 

eumelanin has been reported to exhibit weak fluorescence which indicates the  
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Figure 2.1: (a) Chemical diagrams of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole 

carboxylic acid (DHICA). (b) Various unconventional hydrogen bonding interactions 

identified in DHI crystals. 

presence of competing non-radiative channels that provide efficient de-excitation 

pathways for repopulating the ground states.[77]–[80] The broadband absorption of 

eumelanin has theoretically and experimentally been evaluated, in part, to be a result 

of π-stacking interactions between the oligomers of DHI/DHICA in multiple oxidation 

states.[81]–[84] While dealing with biomacromolecules, non-covalent interactions 

such as hydrogen bonding and π–π stacking take the center stage in controlling the 

supramolecular architecture, especially in the 3-dimensional structures of proteins 

and DNA. Modulating the balance between each of these noncovalent interactions 

over another will produce significant changes not only in the structure but also in the 

functional properties. 

Hydrogen bonding is simultaneously both ubiquitous and diverse and 

therefore its significance in biochemical systems comes as no surprise particularly due 

to the surrounding aqueous environment. Apart from the classical hydrogen bonding 

interactions, an array of hydrogen bond-like weak interactions which include a 

delocalized π-system acting as the acceptor group to the X–H hydrogen donor (X = O, 

N, C) is identified to provide additional contributions for stabilizing the biomolecular 

structure and controlling intrinsic functions [Figure 2.1.b.].[85],[86] Investigations 

aimed at identification (using X-ray crystallography) followed by energetic 
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quantification of the major stabilizing interactions such as those with the aromatic π-

rings in biological complexes are of paramount importance for developments in 

diverse areas including drug design. There has been extensive research conducted on 

eumelanin building blocks showcasing their ability to form hydrogen bonds through 

the –OH and –NH functional groups.[87],[88] Most reports almost exclusively focus 

on the hydrogen bonding with the solvent environment surrounding the eumelanin 

monomer units.[89] Findings from these theoretical studies have demonstrated the 

role of several deactivation pathways in the presence of a protic solvent, namely –OH 

and –NH bond elongation and 5-/6-membered ring puckerings.[78]  

Chemical and spectral evidence from the eumelanin polymeric structures 

identified so far points to five main levels of chemical disorder leading to the 

supramolecular structure, which includes (i) disorder from the simultaneous presence 

of different building blocks; (ii) molecular size disorder; (iii) disorder from the 

position of coupling; (iv) electronic/redox disorder of the constituent units and (v) 

supramolecular disorder.[90] Given the complex structure of melanin, a bottom-up 

approach using the building blocks or basic constituent molecules of eumelanin is a 

pertinent strategy for the mechanistic study of the photoproperties of eumelanin. This 

can be followed by understanding the more intricate structures of melanin formed 

from the constituents with less complex approaches. Due to the abundant presence of 

water in the natural media, the corresponding solute–solvent interactions can have 

profound significance in driving the fast polymerization and the consequent 

heterogeneity of natural melanin. The tedious task of extracting melanin from natural 

sources and the lack of solubility of the polymeric melanin material in 

organic/aqueous solvents have called for basic model systems to understand the 

complex eumelanin architecture. In this regard, we have adopted a facile approach to 

decode the perpetual puzzle by single crystal X-ray crystallographic and spectroscopic 

analyses of DHI crystalline aggregates derived from a non-aqueous environment 

(chloroform). Due to the highly autooxidative[91] nature of eumelanin precursors 
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even in the slight presence of protic solvents, the simple model implemented here 

precludes the contribution of solute–solvent hydrogen bonding interaction towards 

the formation and resultant structure of DHI crystalline aggregates. In chloroform, 

each DHI molecule experiences weak interactions solely from the neighbouring DHI 

chromophores thereby leading to helical aggregation. 

Our efforts towards recognizing and monitoring the photogenerated excitons 

and charge-transfer dynamics in crystalline and contorted polyaromatic 

assemblies[4],[92]–[95] prompted us to explore the structure–optical property 

relationship in the eumelanin precursor molecule DHI. Unlike the commonly 

understood π-stacking in eumelanin derivatives, the single crystals of DHI arrange in 

a helical zig-zag fashion with a completely edge-to-face aggregate structure driven by 

both conventional and unconventional hydrogen bonds [Figure 2.1.b]. The structural 

heterogeneity imposed by the different hydrogen bonds has led to varied levels of 

exciton delocalization between the neighbouring chromophores in the crystalline DHI 

aggregates. Along with the diffracting single crystals of monomeric DHI, covalently 

connected trimeric units of DHI are also identified in chloroform solution, which form 

double-helical crystals in the mesoscopic scale. Such double-helical architectures are 

omnipresent in nature as exemplified by the DNA structure. 

2.2. Synthesis and characterization  

DHI was synthesized by following a previously reported procedure by 

including some minor modifications, with L-dopa as the starting material (Scheme 2.1, 

Appendix C1–C4 and C7).[96] A solution of 1g (5 mmol) L-dopa in water (500 ml) and 

a solution of K3[Fe(CN)6] (6.6 g, 20 mmol) and NaHCO3 (2.5 g, 30 mmol) in water (60 

ml) were separately degassed by purging with an argon flux for 10 min. The 

K3[Fe(CN)6] and NaHCO3 mixture was poured at once to the solution of dopa while 

vigorous stirring at room temperature. L-dopa upon chemical oxidation using  
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Scheme 2.1: Shows the reaction scheme for the synthesis of DHI. 

potassium ferricyanide turns into a wine-red solution of dopachrome. Dopachrome 

further undergoes decarboxylation at room temperature to yield white amorphous 

powders of 5,6-dihydroxyindole (DHI). The reaction is maintained in a weakly basic 

medium that facilitates an oxidative nucleophilic reaction followed by the cyclisation 

of L-dopa. Solid Na2S2O5 (5.0 g, 26 mmol) was then added to the dark brown solution, 

which was extracted with ethyl acetate (300 ml x 3). The ethyl acetate extracts were 

combined, washed once with saturated NaCl solution (100 ml), and dried over 

anhydrous Na2SO4 (50 g). Evaporation of ethyl acetate gave a brown oil to which a 

solution of hexane (20 ml) was added to give almost white powders of DHI. Several 

preparations gave yields of 61-64% (in the literature, the yield was 40%). 

1H NMR (500 MHz, CDCl3, ppm): δ = 7.85 (s, 1H), 7.01 (t, J=3 Hz, 2H), 6.86 (s, 1H), 6.32 

(s, 1H), 5.29 (s, 1H), 4.89 (s, 1H). 

13C NMR (125 MHz, DMSO-d6, ppm): δ = 142.91, 140.81, 130.70, 123.04, 120.70, 104.89, 

100.62, 97.59. 

M.P.: 170 °C  

HRMS (ESI) (m/z): Calculated for C8H7NO2: 149.0477, found: 150.0550 [M+H]+ 

IR (cm-1): 3437.15 (broad); 1631.78; 1473.62 (s); 1415.75 (s) 

2.3. Results and discussions 

Slow evaporation from dry chloroform solution of DHI produced colourless diamond 

shaped single crystals of DHI (Figure 2.2). Interestingly, the DHI molecule with no 

chiral center atypically crystallized in the Sohncke space group, P212121 (Table 2.1). 

L-DOPA DOPACHROME DHI

L-DOPA: 3,4-dihydroxy phenyl-L-alanine
DHI: 3,4-dihydroxy indole
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Single-crystal X-ray structure analysis revealed the presence of conventional and 

unconventional hydrogen bonds directing the crystalline self-assembly of DHI 

chromophores about a zig-zag helical backbone. Figure 2.3 presents the four different 

types of non-covalent dimers (D1–4) distinguished within the DHI crystal. The zig-

zag helical stacks proceed along the crystallographic a-axis (Figure 2.3) and are 

fabricated by bifurcated O–H⋯O hydrogen bonds (dO1⋯H = 2.25 Å, dO2⋯H = 2.34 Å, <O1–

H–O2 = 67.89°) between the two hydroxyl substituents in the DHI chromophore (D3 

in Figure 2.3). Such bifurcated hydrogen bonded assemblies are prevalent in the 

secondary and tertiary structures of proteins.[97] Interestingly, in the DHI crystal, 

enantiomeric helical stacks (Figure 2.4) that are arranged with respect to different 

screw axes are observed, wherein each stack aligns in a herringbone fashion to the 

other zig-zag helix (as represented by the dimers D1, D2 and D4). The stacks are 

interconnected majorly through the unconventional hydrogen bonds such as C–H⋯π 

(dC–H⋯π = 2.66–2.99 Å), O–H⋯π (dO–H⋯π = 2.59 Å), C–H⋯N (dC–H⋯N = 2.72 Å), C–H⋯O 

(dC–H⋯O = 2.66 Å) and the classical N–H⋯O (dN–H⋯O = 2.72 Å) hydrogen bonds. The 

absence of π–π stacking interaction is validated by the Hirshfeld surface analysis 

wherein the formation of the DHI crystalline assembly is majorly stabilized by the 

C⋯H (40.5%), H⋯H (29.7%), N⋯H (4.3%) and O⋯H (25.4%) noncovalent interactions. 

 

Figure 2.2: Optical microscope images of DHI crystal. 
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Table 2.1: Crystallographic data and refinement parameters for DHI monomer 

 

Parameters DHI 

Formula  C8H7NO2 

Formula weight  149.15 

Color Colorless 

Crystal system  Orthorhombic 

Space group, Z P212121, 4 

a (Å) 5.862 

b (Å) 7.712 

c (Å) 14.907 

α, deg 90 

β, deg 90 

γ, deg 90 

Volume, Å3 673.9 

R factor 4.71 

Temp, K 296 

dcalculated (mg/m3) 1.470 

No. of reflections collected 5841 

No. of unique reflections 1183 

2θmax, deg 24.995 

No. of parameters 102 

R1, wR2, (l > 2s(l)) 0.0689, 0.1155 

R1, wR2 (all data) 0.0471, 0.1044 

Goodness of fit  1.023 

CCDC number 2120651  

 

Detailed examination of the interchromophoric interactions supporting the zig-

zag helical stacks in DHI crystals using Bader's quantum theory of atoms in molecules 

(QTAIM) analysis revealed the presence of supramolecular synthons in the crystal  
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Figure 2.3: Different orientations of DHI (D1–4) and the directing hydrogen bonds observed in the 

single crystal. 

system (Figure 2.5). This is evidenced by the (3,+1) ring critical points in each of the 

representative dimers. For a molecular self-assembly to occur efficiently, recognition 

between the intermolecular functionalities is important, which often culminates in the 

formation of smaller repetitive units or supramolecular synthons.[43] The recognition 

information which is then carried by these units forms the kernel of self-aggregation 

or crystallization processes. In the case of DHI crystals, all the dimer assemblies D1–

D4 display synthon formation with the D1 and D3 synthons showing greater energetic 

stabilities. The dimer unit representing the helical backbone, D3, forms two 

supramolecular synthons orchestrated by the bifurcated O–H⋯O hydrogen bonds 

and a weak C–H⋯O interaction (Figure 2.5). The five- and six-membered rings so 

formed fabricate the helical zig-zag backbone of the DHI crystal. Similarly, the dimer 

D1 also forms two synthons through a classical N–H⋯O interaction along with the 

weak C–H⋯π and O–H⋯π interactions. D2 and D4 dimers are stabilized by one 

synthon each, materialized by C–H⋯π and C–H⋯N interactions in D2 and N–H⋯O 

and C–H⋯O interactions in D4. 
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Figure 2.4: Shows the a-b) enantiomeric zig-zag helical stacks proceeding along the crystallographic 

c) a-axis and d) c-axis where each colour represents the adjacent enantiomeric stacks. The enantiomeric 

stacks are connected in herringbone fashion as shown in (d). 

 

Figure 2.5: QTAIM electron density map showing the synthon formation from hydrogen bonding 

interactions in a) D1, b) D2, c) D3 and d) D4. 
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The synthon formation and the concomitant electron delocalization involving 

the π-rings in dimers D1 and D2 have resulted in the aromatic stabilization of the π-

rings upon comparison with the monomer DHI. The nucleus independent chemical 

shift (NICS(1)) values evaluated for D1–4 and monomer DHI in the ground state 

indicate the aromatic stabilization of the π-surface leading to the favorable alternate 

stacking of the enantiomeric zig-zag helices facilitated by the unconventional 

hydrogen bonds. The negative NICS(1) values for the six- and five-membered (6C, 5C) 

rings of molecule A (Table 2.2 and Figure 2.6) increased to −27.22 ppm (6C) and −29.13 

ppm (5C) when compared to the monomer DHI (6C: −26.14 ppm, 5C: −28.03 ppm). 

Similarly, in D2, the π-surface of molecule B that is involved in the weak interaction 

undergoes aromatic stabilization (6C: −29.43 ppm, 5C: −31.48 ppm). Truncated 

symmetry adapted perturbation theory (SAPT(0)) analysis[98] performed on the DHI 

dimers shows higher stabilization for D1 (𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇 = −9.70 kcal mol−1) and D3 (𝐸𝑖𝑛𝑡

𝑆𝐴𝑃𝑇= 

−6.57 kcal mol−1) dimers, which could be attributed to the two supporting 

supramolecular synthons in both the dimers (Table 2.3). The total stabilization of D1 

and D3 orientations is facilitated by the higher contributions of electrostatic energy 

(𝐸𝑒𝑙𝑐
(1)

 = −6.17 to −6.14 kcal mol−1) and induction energy (𝐸𝑒𝑙𝑐
(1)

= −1.60 to −1.38 kcal mol−1) 

towards the total SAPT energy. The dominant role of the stronger classical hydrogen 

bonds in the fabrication of D1 and D3 synthons when compared to the other DHI 

orientations (having equal contribution from the weak unconventional interactions)  

Table 2.2: NICS(1) values calculated for the various dimers in DHI crystal. 

Monomer 
6C 5C 

-26.14 -28.03 

Dimer 
Molecule A # Molecule B # 

6C 5C 6C 5C 

D1 -27.22 -29.13 -25.56 -27.63 

D2 -26.41 -28.39 -29.43 -31.48 

D3 -25.47 -27.57 -25.92 -27.92 

D4 -25.61 -26.76 -25.42 -27.77 

# The molecules represented as A and B are indicated in Figure 2.6 
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Figure 2.6: A and B molecules for NICS(1) calculation in dimers a) D1, b) D2, c) D3 and d) D4 

Table 2.3: Interaction energies[a] of DHI dimers evaluated using symmetry-adapted perturbation 

theory (SAPT(0)) aug-cc-pVDZ  calculations. 

Dimer 
SAPT(0)  

𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇 

Electrostatic 

energy  

𝐸𝑒𝑙𝑐
(1)

 

Dispersion 

energy  

𝐸𝑑𝑖𝑠
(2)

 

Induction 

energy  

𝐸𝑖𝑛𝑑
(2)

 

Exchange 

energy  

𝐸𝑒𝑥
(1)

 

D1 -9.70 -6.17 -8.49 -1.60 6.56 

D2 -5.69 -1.67 -7.65 -0.70 4.34 

D3 -6.57 -6.14 -3.51 -1.38 4.46 

D4 -2.63 -1.52 -2.85 -0.70 2.45 

[a]All energy values are provided in kcal mol-1 

 

explains the observed energy distribution in the SAPT(0) analysis. 

The crystalline architecture of the DHI precursor molecule identified herein 

could provide a sound model for understanding the inherent nature of the excited 

energy states leading to the characteristic photo-function of the eumelanin pigment. 

Several experimental and theoretical investigations on eumelanin aggregates revealed 

the occurrence of excitation energy transfer within the aggregates.[82],[99] The extent 

of energy delocalization within the four dimer orientations in the DHI crystal 

structure is determined using the fragment-based excited state analysis developed by 

Plasser, executed in the TheoDORE package.[20],[100],[101] The expanse of excitation 

delocalization amongst the fragment units is described by the value of participation 

ratio (PR). The contribution towards the exciton delocalization from the fragments is 

defined by the mean position or the POS value, wherein the indicated number shows 
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the involvement of one or more units. The charge-transfer or Frenkel character of the 

excited states is defined by the CT number which assumes values closer to one for 

pure CT states and closer to zero for pure Frenkel states. In dimers D1 and D2, the first 

singlet excited state of highest oscillator strength (S2) shows Frenkel exciton character 

with effective delocalization of the excitons between the individual constituting units 

during the excitation process (Table 2.4). The low CT values of the S2 states in D1 (PR 

= 1.79, POS = 1.33, CT = 0.08) and D2 (PR = 1.98, POS = 1.45, CT = 0.02) along with a PR 

close to a value of two indicated the delocalization of the Frenkel excitons on the two 

monomers. Hence, there exists a possible excitation energy delocalization along the 

adjacent enantiomeric stacks in the DHI crystal. However, for D3 with the bifurcated 

hydrogen bonding interaction between the monomeric units, both S1 and S2 states 

have significant oscillator strength. The Frenkel excitons in S1 and S2 states remain 

localized on only one fragment of D3 (Table 2.4), while in D4, there exists a partial 

delocalization of the Frenkel excitons in the S1 state (Table 2.4). Thus, it is understood 

that within each enantiomeric stack the initial Frenkel excitons remain localized on 

one fragment. The hole–electron isosurface analysis provides a pictorial 

representation of the corresponding delocalized and localized nature of the initial 

Frenkel excitons in the four DHI orientations (Figure 2.7). The delocalization of the 

hole and electron density on both the fragments puts forward the possibility of 

effective energy transfer in dimers D1, D2 and D4.[5] In dimer D3, a very weak 

delocalization of the electron–hole densities was observed suggesting a localized 

exciton formation. 

Several factors including slight exposure to air,[102] humidity and/or light 

have been observed to cause the autooxidative polymerization of DHI, wherein 

lowered temperatures decrease the kinetics of this solid-state polymerization. 

Although, a major fraction of the solid oligomer mixture remains as the DHI monomer 

(≥80%), oligomeric units up to DHI-hexamers have been identified with varying  
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Table 2.4: Energy (∆E), oscillator strength (f), mean position (POS), participation ratio (PR) of 

initial orbital (hole) and final orbital (electron) and charge transfer character (CT) of excited singlet 

states in dimers D1-4. 

Dimer Energy 

State 
∆E (eV) f POS PR CT 

D1 S1 4.619 0.009 1.648 1.839 0.04 

S2 4.678 0.252 1.333 1.796 0.081 

S3 4.877 0.03 1.586 1.357 0.698 

S4 4.977 0.05 1.878 1.276 0.1 

S5 5.015 0.066 1.127 1.285 0.036 

       

D2 S1 4.625 0.001 1.54 1.987 0.024 

S2 4.689 0.282 1.453 1.982 0.021 

S3 4.935 0.007 1.423 1.929 0.14 

S4 4.946 0.055 1.049 1.102 0.036 

S5 4.983 0.064 1.584 1.944 0.047 

       

D3 S1 4.769 0.223 1.061 1.13 0.005 

S2 4.819 0.166 1.939 1.13 0.002 

S3 5.132 0.087 1.997 1.006 0.001 

S4 5.149 0.108 1.007 1.013 0.005 

S5 5.792 0 1.5 1.002 0.998 

       

D4 S1 4.764 0.339 1.29 1.7 0.003 

S2 4.816 0.079 1.707 1.708 0.003 

S3 5.107 0.107 1.178 1.413 0.003 

S4 5.121 0.045 1.825 1.406 0.002 

S5 5.625 0 1.496 1.009 0.991 

solubilities in different solvents. MALDI-MS spectra (Appendix C5) sequentially 

collected for the oligomer mixture in CHCl3 and DMSO indicated the major presence 

of DHI trimers (in CHCl3; m/z = 442.138) and DHI-hexamers (in DMSO; m/z = 882.382) 

along with the smaller counterparts. Interestingly, over the time course for nucleation 

and the subsequent growth mechanism of the single crystals of monomeric DHI in  
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Figure 2.7: Hole–electron isosurface plots of the DHI orientations in the crystal. (a) D1, (b) 

D2, (c) D3 and (d) D4. 

chloroform, oligomerization of DHI is found to occur concurrently to form the 

covalently connected DHI trimer (DHI-T). Along with the diffracting single crystals 

of DHI, small right-handed double-helical crystals (non-diffracting, Figures 2.8.a are 

observed for the first time, which could be attributed to the self-assembled 

morphology of DHI-T (Figure 2.8a). Observed only in chloroform, we speculate that 

the prolonged exposure of the chlorinated solvent plays a significant role in the 

chemical transformation of the DHI monomer to the covalent trimer, possibly through 

a radical initiated reaction.[103] The 1H-NMR spectrum obtained for the bulk 

crystalline sample dissolved in CDCl3 along with the observed MALDI-MS data of the 

DHI trimer evidenced the formation of DHI-T, although in very low yields when 

compared to the monomer (Appendix C5 and C6). 

With the understanding that DHI readily aggregates/crystallizes in chloroform, 

the directionality of the hydrogen bonding interactions (to the π-ring) within the 

definite spatial arrangements of D1 and D2 orientations hints towards the 

mode/position of coupling for the associated generation of DHI-T (Appendix C9). The  
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Figure 2.8: (a) Optical microscopy images of the right-handed double-helical crystals of the 

DHI trimer. (b) Molecular structure predicted for DHI trimer (DHI-T). (c) Optimized 

structure of DHI-T at the CAM-B3LYP/6-311g+(d,p) level of theory. 

molecular structure of the DHI trimer that best fits the observed characterization data 

(Figure 2.8.b and Appendix C8) is in line with the chemical disorder model having 

semiquinone and catechol units connected covalently as an extension of the D1 and 

D2 noncovalent interactions. Geometry optimization of the predicted structure of the 

DHI-T performed using the CAM-B3LYP/6-311g+(d,p) level of theory in Gaussian 16 

suite shows a twisted conformation having the possibility of forming intramolecular 

hydrogen bonds from the –OH and –NH functionalities (Figure 2.8). Separation of 

DHI-T from DHI is a real challenge since exposure of DHI to the adsorbent in column 
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chromatography accelerates the oxidative polymerization of DHI, resulting in a black, 

insoluble material difficult to characterize. Also, the presence of higher oligomer units 

of DHI (hexamers etc.) was not identified in the multiple data sets collected for the 

DHI sample dissolved in CHCl3. 

Solvent-dependent steady-state UV-vis absorption and fluorescence emission 

measurements of DHI were performed and the line shapes of the absorption spectra 

of monomeric DHI in different solvents match consistently (Figure 2.9). Two major 

absorption bands at λa1 ∼ 270 nm and λa2 ∼ 300 nm form the characteristic absorption 

spectrum of the DHI monomer. The fluorescence emission of monomeric DHI exhibits 

a single broad spectral feature peaking at λem ∼ 330 nm in most of the solvents. The 

relative fluorescence quantum yields are found to be exceptionally low in chloroform, 

dichloromethane, THF and water (Table 2.5) indicating the presence of non-radiative 

decay channels for dissipating the excitation energy. In chloroform, the emergence of 

a red-shifted tail in the absorption spectrum of the DHI-monomer is observed over 

time possibly signifying the onset of DHI-T formation. The fluorescence emission in 

CHCl3 also shows a new band peaking at λem ∼ 460 nm along with the emission band 

at λem ∼ 335 nm (Figure 2.10a). A broad red-shifted band arising at 370 nm in the  

 

Figure 2.9: a) Normalized absorption and b) fluorescence emission profiles of monomeric DHI 

in various solvents 
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excitation spectrum of DHI solution collected in chloroform at λem ∼ 460 nm (Figure 

2.10) evidenced the presence of the DHI trimer. A similar decrease in fluorescence 

quantum yield in chloroform and the concomitant emergence of new bands in the 

fluorescence emission profiles have been noted previously in tryptophan and other 

indole species synthesized for eumelanin investigation.[104],[105] In such cases, the 

photoionization of excited indole leads to the ejection of a solvated electron which 

attacks the chloroform molecule, releasing a chloride ion, and further undergoes 

reactions to yield photoproducts. 

Spectroscopic investigation of the crystalline DHI (containing both monomer 

single crystals and covalent trimer crystals) sample showed broad, red-shifted 

absorption bands spanning from 210 to 560 nm (Figure 2.10 b&c). The solid-state 

absorption spectrum shows two prominent bands at λa1 ∼ 280 nm and λa2 ∼ 305 nm 

which could be attributed to the red-shifted absorption bands of the crystalline DHI 

monomer (compared to the monomer absorption bands in the solution state). The 

observed red-shift in the absorption band of the DHI crystal arises from the nonplanar 

packing motif and the ensuing intermolecular interactions in the solid state. The 

presence of a broad shoulder band centred at λa3 ∼ 375 nm in the absorption spectrum 

could be assigned to the double-helical crystal of the covalent DHI trimer. The 

crystalline state fluorescence emission spectrum of DHI spans from 390 to 490 nm 

(Figure 2.10). The excitation energies and the allowed vertical transitions of the 

monomer and DHI-T have been computed at the CAM-B3LYP/6-311g+(d,p) level of 

theory. Unlike the precursor DHI monomer which undergoes higher energy electronic 

transitions (at 270 nm and 300 nm), the favorable transition in the covalent trimer is 

red-shifted with the S0 → S1 electronic excitation occurring at ∼434 nm. Hence, the 

spectroscopic and theoretical investigation of bulk crystalline DHI indicates that the 

broad absorption profile of the eumelanin precursor could be ascribed to the 

combined effects of the non-planar chromophore stacking and the presence of 

covalent DHI trimers that exist as double-helical aggregates.  
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Table 2.5: Photophysical properties of DHI monomer in different solvents. 

Solvent λem (nm) 
Fluorescence 

Quantum Yield 
(%) 

Fluorescence Emission Lifetime 
(ns) 

[Relative Amplitude in %] 

Toluene 320 3.80 0.10 

DCM 335 0.50 <1 

THF 335 0.50 2.02 

CHCl3 335, 460 1.20 

335 nm = <1 

460 nm = 1.17 [81%] 
8.60 [19%] 

Ethyl Acetate 325 4.00 0.52 

MeOH 331 29.00 1.75 

ACN 333 15.50 2.13 

Water 350 0.90 <1 [95%] 
4.38 [5%] 

The photoprotective nature of eumelanin arises from the signature broadband 

absorption of eumelanin which spans throughout the UV and visible region tailing 

around 800 nm as explained by the chemical disorder model. In line with this 

understanding, the spectroscopic data of the DHI crystal also exhibit broadband 

absorption which expands up to 600 nm unlike the DHI monomer. Moreover, the low 

relative fluorescence quantum yields of DHI suggest the presence of non-radiative 

decay pathways within the DHI units. The oligomeric trimer which in itself shows 

structural heterogeneity aggregates as double helical structures and shows a red-

shifted absorption band which is comparable to the computed TDDFT vertical 

excitation energies. Thus, our report on the characterization of DHI and the oligomeric 

trimer could possibly be beneficial in advancing melanin structure characterization 

and elucidating the photoprotective function of eumelanin. 

The solid-state CD spectrum of crystalline DHI (in KBr, Figure 2.11) showed 

the signatures for the presence of helical packing[106]–[110] (possibly from the zig-

zag helical motif along with the double helical arrangement). However, the basis of 

the CD couplet of significant intensity spanning from ∼250 to 600 nm (including  
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Figure 2.10: a) UV-vis absorption (grey) and normalized fluorescence emission (red) profiles 

of monomeric DHI in CHCl3; b) Normalized UV-vis absorbance and fluorescence excitation 

spectra showing DHI-T formation in chloroform solution and the crystalline state absorption 

spectrum obtained from Kubelka-Munk transformed diffuse reflectance spectrum of DHI bulk 

crystal; c) Normalized absorption and fluorescence emission profiles for DHI crystal. 

ranges outside of the absorption maxima) could not be exclusively assigned to chiral 

absorption from the chromophoric packing.[111] In the case of macromolecular 

systems having long-range organization, differential scattering of incident left and 

right circularly polarized light can provide significant contributions to the observed 

circular dichroism.[112]–[114] The occurrence of broad CD bands outside the 

absorption bands of the macromolecule can signify the possible role of differential 

scattering in the circular dichroism.[115] Although, for the DHI sample, the 

characteristic CD spectrum has been found to be concurrent for the different data sets 

collected using freshly prepared crystalline samples on different days (Figure 2.11a),   
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Figure 2.11: Shows the (a) concurrent CD and (b) LD spectra obtained for the bulk DHI 

crystal collected on different days, each with freshly crystallized samples at varied 

concentration ratio of sample:KBr. c) Absorption spectrum obtained from Kubelka-Munk 

diffuse reflectance transformation (bottom) and CD spectrum (top) of DHI crystal with the 

zero crossing at ~371 nm. 

the ratios of the intensities of the positive and negative bands have been observed to 

vary. Such a heterogeneity in the ellipticity values of the positive and negative bands 

could be attributed to the possible presence of different enantiomeric assemblies that 

exhibit varying abilities to undergo chiral absorption and differential scattering. The 

possibility of having linear dichroism (LD) artifacts in the CD data was evaluated for 

the DHI sample (Figure 2.11b).[116] The LD artifact fell within the error bar of the 
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order of 10−3–10−4 mdeg and hence, the contribution of LD to the strong CD signal of 

DHI could be ignored.[117],[118] Also, the idea of having a chiral nucleation centre, 

probably from any conformationally chiral DHI oligomer units, leading to the double-

helical aggregation and the consequent mesoscopic chirality could not be ignored 

while assessing the origin of the observed CD spectrum. The existing uncertainties in 

solving the source of the double-helical aggregation of the DHI chromophores and 

identifying the intermolecular forces acting behind the same remain a challenge that 

requires detailed examination in future studies. 

2.4. Conclusions 

In conclusion, we introduce the helical crystalline packing arrangement of an 

achiral eumelanin precursor, 5,6-dihydroxyindole (DHI), derived from a non-protic 

environment, chloroform. The present account well describes the solitary effect of 

interchromophoric interactions on the crystalline self-aggregation of DHI molecules 

by filtering out the external hydrogen bonding association with the solvent 

environment. This approach resulted in a helical assembly of achiral DHI 

chromophores, unlike any of the previously understood structural motifs of 

eumelanin precursors. The diffraction quality single crystals of DHI obtained from 

chloroform solution encompass enantiomeric zig-zag helical stacks aligned in a 

herringbone fashion with respect to each stack. The origin of each of the zig-zag stacks 

occurs from a backbone structure constructed by bifurcated hydrogen bonding 

interactions between the hydroxyl substituents in adjacent DHI chromophores. The 

excitation energy delocalization pathways evaluated for the crystalline arrangement 

of DHI show effective exciton delocalization along the chromophores connecting each 

of the enantiomeric stacks. However, minimal exciton delocalization was observed 

within each enantiomeric stack. 

Along with the single crystals of the DHI monomer, formation of covalently 

connected DHI trimer aggregates (DHI-T) is also observed in the chloroform solution. 
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DHI-T forms small double-helical crystals on the mesoscopic scale. The best-fit 

molecular structure of the DHI covalent trimer as evident from the spectroscopic 

characterization points to the presence of catechol and semiquinone moieties, in line 

with the renowned chemical disorder model proposed for eumelanin. The covalent 

DHI trimer shows a red-shifted absorption band (∼370 nm) when compared to the 

DHI monomer (∼270–300 nm) as demonstrated by the spectroscopic and theoretical 

investigations. Thus, with the unceasing ambiguity still existing for the eumelanin 

molecular framework and the consequent photophysics, the crystalline evidence 

presented here of a eumelanin precursor molecule could serve as a potential candidate 

for decoding the melanin mystery. 

2.5. Appendix 

2.5.1. Materials and methods 

All chemicals were obtained from commercial suppliers and used as received 

without further purification. All reactions were carried out in oven-dried glassware 

prior to use and wherever necessary, were performed under dry nitrogen in distilled 

solvents using standard gastight syringes, cannula, and septa. Solvents used for 

characterization were dried and distilled by standard laboratory purification 

techniques. Yields refer to spectroscopically homogenous substances. Melting points 

were obtained using a capillary melting point apparatus. 1H and 13C NMR spectra was 

measured on a 500 MHz Bruker Advance DPX spectrometer. Internal standard used 

for 1H NMR and 13C NMR is 1,1,1,1-tetramethyl silane (TMS). High resolution mass 

spectra (HRMS) were recorded on Thermo Scientific Q Exactive Mass Spectrometer 

using Electrospray Ionization (ESI) technique. MALDI-TOF Mass Spectra were 

recorded on Bruker UltraFlextreme MALDI-TOF mass spectrometer by directly 

ionizing the sample without using a matrix. IR spectra were recorded on a Shimadzu 

IR Prestige-21 FT-IR spectrometer with KBr pellets. Photophysical measurements of 

the derivatives were carried out in a cuvette of 3 mm path length. Absorption and 
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emission spectra were recorded on Shimadzu UV-3600 UV-VIS-NIR and Horiba Jobin 

Yvon Fluorolog spectrometers, respectively. The Kubelka-Munk transformed 

reflectance spectra in the crystalline state were measured in the diffuse reflectance 

mode. CD spectrum of samples in solid state were recorded in circular dichroism 

spectrometer MOS500 supplied by BioLogic Science Instrument. For obtaining solid 

state CD spectrum, KBr was powdered and dried in vacuum oven at 80°C for 3 h. A 

transparent KBr pellet was used for recording a baseline. Transparent pellets of 

samples were made by pressing a mixture of 1:100 sample:KBr and the measurement 

was done immediately. Powder X-ray diffraction (PXRD) spectra were recorded using 

an X’pert PRO (PANalytics) powder diffractometer with Cu as the anode material 

(Kα1 = 1.54 Å). The optical microscopic images were recorded on Olympus SZX-2-

ILLB Trinocular Stereomicroscope with Digital Camera. Lifetime measurements were 

carried out in an IBH picosecond time-correlated single-photon counting (TCSPC) 

system. The pulse width of the excitation (𝑒𝑥𝑐𝑖 = 310 nm) source is determined to be 

<100 ps and the fluorescence decay profiles were de-convoluted using DAS6.3 and 

fitted with exponential decay, minimizing the χ2 values. 

2.5.2. X-ray crystallography 

High quality single crystals of DHI were used for X-ray diffraction 

experiments. Single crystal was mounted using oil (Infineum V8512) on a glass fiber. 

All measurements were made on a CCD area detector with graphite monochromated 

Mo Kα radiation. The data was collected using Bruker APEXII detector and processed 

using APEX2 from Bruker. The structure was solved by direct method and expanded 

using Fourier technique. The non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were included in idealized positions, but not refined. Their positions 

were constrained relative to their parent atom using the appropriate HFIX command 

in SHELX-97.[119] All programs used during the crystal structure analysis are 

incorporated in the WINGX software.[120] The full validation of CIF and structure 
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factor of DHI was performed using the checkCIF utility and found to be free of major 

alert levels. Three-dimensional structure visualization and the exploration of the 

crystal packing of crystals under study were carried out using Mercury 3.5.1.[121] 

2.5.3. Characterisation data of DHI 

 

Appendix C1. HRMS Spectrum of DHI monomer. 

 

Appendix C2: 1H-NMR Spectrum of DHI-monomer in CDCl3. 
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Appendix C3: 1H-NMR Spectrum of DHI in DMSO-d6. 

 

  

Appendix C4: 13C-NMR Spectrum of DHI in DMSO-d6 
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Appendix C5: MALDI-MS Spectra of DHI-oligomer dissolved in a) CHCl3 and b) DMSO. 

Appendix C6: 1H-NMR spectrum showing the presence of DHI-T in aggregate 

concentrations of DHI in CDCl3. The 17 protons obtained after proton integration point to a 

trimer structure as that of DHI-T. 
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Appendix C7: IR Spectrum of DHI in a) KBr pellet and b) Chloroform solution. 

 

 

Appendix C8: IR Spectrum of DHI-T in KBr pellet. 
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Appendix C9: Shows the overlapped 2D 1H-COSY (red) and -NOESY (blue) NMR spectra 

of DHI in CDCl3. The proximal hydrogen atoms having through space interactions are marked 

and are in line with the obtained crystalline packing motif of DHI crystal. 

2.6. Computational methods 

2.6.1. Gaussian calculations 

Single point energy and dipole moments were calculated at the CAMB3LYP/6-

311g+(d,p) level of theory. All these computations were performed using the Gaussian 

16 suite.[122] 

2.6.2. Quantum theory of atoms in molecules (QTAIM) 

The wave function generation for the DHI dimer orientations were carried out 

at CAM-B3LYP/6-311g+(d,p) level of theory using Gaussian16. Quantum theory of 

atoms in molecules (QTAIM) analyses[123] helps to understand the description of 

interatomic interaction in the single crystal X-ray structure. A bond is defined along 

the bond line between two nuclei, called a bond path, along which electron density is 

concentrated. The (3, -1) bond critical point (BCP) is a point along the bond path at the 

interatomic surface, where the shared electron density reaches a minimum. (3, +1) ring 
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critical point (RCP) and (3, +3) cage critical point (CCP) represents critical points in the 

ring and cage respectively where the electron density is minimum. The physical 

characteristics of the critical points [the electron density at BCP, RCP and CCP, ρ(r), 

and its Laplacian, (∇2ρ) reveal the approximate measure of the amount of electron 

density built up in the bonding region and as such could be taken as characteristic of 

the bond. When (∇2ρ<0) there is a depletion of electronic charge in the internuclear 

region and it indicates a closed shell interaction. Using the AIMALL software package, 

the electron density was integrated over atomic basins according to the quantum 

theory of atoms in molecules using PROAIM, and thus the BCP, RCP, CCP data and 

the molecular graphs were obtained.  

2.6.3. Hirshfeld analysis  

Important intermolecular interactions within the structure of DHI were 

identified through Hirshfeld surface analysis using CrystalExplorer17. The Hirshfeld 

surface[124] is defined as a set of points in 3D space where the ratio of promolecule 

and procrystal electron densities is equal to 0.5. The exploration of intermolecular 

contacts is provided by mapping normalized contact distances (dnorm), which is a 

function of a closest distance from the point to the nuclei interior (di) and exterior (de) 

to the surface as well as on the van der Waals radii (rvdw). 2D fingerprint plots derived 

from the Hirshfeld surface analyses, by plotting the fraction of points on the surface 

as the function of di and de, provides a visual summary of intermolecular contacts 

within the crystal.  

2.6.4. TheoDORE analysis 

The excitations of DHI dimers D1, D2, D3 and D4 at the DFT optimized 

structure were analyzed using TheoDORE.[57],[101] The parameters used to 

investigate the excited state characteristics are participation ratio (PR), mean position 

(POS) of initial orbital (hole) and final orbital (electron), and charge transfer character 
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(CT). The magnitude of PR relates to the number of fragments participating in the 

excitation; hence, in our investigation, the PR ranges from 1 to 2. POS provides the 

mean position of hole and electron for a particular excitation. Charge transfer states 

and delocalized Frenkel states show POS = 1.5. If the Frenkel state is localized on 

monomer A, then POS = 1, and if localized on monomer B, POS = 2, for a dimer AB. 

Finally, CT is related to the total weight of configurations where initial and final 

orbitals are situated on different fragments. A CT value of 1 denotes the presence of a 

charge-separated state, and CT = 0 refers to Frenkel states.  

2.6.5. Symmetry adapted perturbation theory (SAPT)  

SAPT(0) analysis was employed to determine the non-covalent interaction 

energies of dimer molecules.[125] The SAPT module of the psi4 code was employed, 

with jun-cc-pVDZ basis set. SAPT(0) calculations provide the contributing 

components of interaction energy. The results obtained from SAPT(0) analysis is a 

second order perturbation expansion constituting first order electrostatic and 

exchange energy parts and second order dispersion, induction and their exchange 

counterparts as the perturbation terms. 
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Chapter 3 

Metastable Chiral Azobenzenes Stabilized 

in a Double Racemate 

Abstract 

Self-assembly of chiral organic chromophores garners huge significance owing to the 

abundance of supramolecular chirality found in natural systems. We report an 

interdigitated molecular organization involving axially chiral twisted octabrominated 

perylenediimide (OBPDI) transferring chiral sense to achiral aromatic moieties. The 

two-component crystalline architectures of OBPDI and electron rich aromatic units 

were facilitated through π-hole⋯π based donor-acceptor interactions and the charge 

transfer characteristics in the ground and excited states of OBPDI cocrystals were 

established through spectroscopic and theoretical techniques. The OBPDI cocrystals 

entailed a remarkable homochiral segregation of P and M enantiomers of both the 

molecular entities in the same crystal system to render twisted double racemic 

architectures. Synergistically engendered cavities with stored chiral information of 

twisted OBPDI stabilized higher energy P/M enantiomers of trans-azobenzene 

through non-covalent interactions. 
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3.1. Introduction 

Chirality or “handedness” in supramolecular systems have an intimate role in 

the organized functioning of biological, chemical and physical systems.[126]–[128] 

Life prefers to exist as single-handed chiral superstructures, which are believed to 

have originated from a racemic prebiotic world through the breakage of mirror 

symmetry.[129],[130] Integrating the principles of chirality and host-guest chemistry 

has always ignited the scientific curiosity for the development of bioinspired materials 

and in drug research.[131] In contrast to the long-term requirement to produce 

enantiopure organic materials, racemic systems have garnered immense significance 

in recent years owing to the ease of crystallization and onset of benign properties, 

when compared to the pure enantiomers.[132] Since Pasteur’s first observation of 

enantioselective crystal formation from a racemic solution, termed 

conglomerates,[133],[134] multifarious crystalline packing arrangements emanating 

from racemic mixtures have been reported (Scheme 3.1).[135]–[137] Racemic 

crystallographic technique, since the first theoretical prediction in 1995,[138],[139] has 

been widely applied for protein structure determination and structural elucidation of 

nucleic acids in the past decade.[139],[140]  

A crystalline supramolecular assembly having two or more diverse molecules 

bound together by various non-covalent interactions, namely the cocrystals, hold 

tremendous potential to generate novel functions that ensue from the synergistic 

effects of the constituent components. Racemic (A+A-) molecular units in the presence 

of additional chiral/achiral (B+/B) agents have a general tendency to retain the inherent 

chiral/achiral nature of the added co-formers while assembling either into the same 

crystal system (diastereomeric, Scheme 3.1a and 3.1f;i) or separate out as different 

crystalline units (Scheme 3.1b and 3.1e).[141]–[148] In another case, the introduction 

of a racemic co-former to a racemic host solution has been observed to result in double 

racemic cocrystal where, each entity retain their own mirror symmetry in the same 

crystal system (Scheme 3.1d). Yet, a twisted double racemic co-crystalline motif  
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Scheme 3.1: Representative outcome of crystallization of racemic (A+A-) mixture with: chiral (B+), 

racemic (B+B-) and achiral (B) guest resulting in a*,b) diastereomeric,[141],[142] c) 

kryptoracemate,[143],[149] d) double racemic,[143],[144] e) conglomerate,[145],[146] f;i) racemic 

cocrystal[146] and f;ii) double racemic cocrystal. *Unknown motif. 

originating from a racemic host through chiral induction in achiral guests has received 

less attention (Scheme 3.1f;ii). Our persistent efforts towards comprehending the 

origin of anomalous crystalline architectures of contorted polyaromatics and twisted 

bichromophores motivated us to exploit racemic octabrominated perylenediimide 

(OBPDI) crystal to produce mirror symmetry in achiral guests such as trans-

azobenzene.[4],[35],[93],[94] Bay halogenated perylenediimides (such as OBPDI) 

exhibit conformational chirality generated by the steric induced twisting of the π-core 

and, encompass a significant activation barrier (∆G303 K
‡ ~98 kJ/mol for chloro-

substituted perylenediimide) for the interconversion between the P/M axially chiral 

enantiomers.[150]–[152] Cavities with tunable inner size in the OBPDI crystal system, 

effected through noncovalent interactions between the electron deficient OBPDI and 

electron rich benzenoids, retained the chiral character of twisted OBPDI host, thereby 

facilitating the trapped achiral guest molecules to imbibe the stored chiral sense 

(Figure 3.1). The double racemic OBPDI cocrystals thus obtained, engineered a 

supramolecular organization leading to the enantioselective ordering of the  
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Figure 3.1: Crystal packing of OBPDI in a) DCM-hexane, b) THF, c) benzene, toluene,** o-

xylene** and d) m-xylene, p-xylene,** mesitylene.** (Representation of only one enantiomer is 

given for clarity in a-d. **Indicates packing structures are provided in figure 3.3.) 

interdigitated π-stacks of the two constituent chromophores in the same crystal 

system (Scheme 3.1f;ii). Segregating the co-enantiomers of the host-guest mixed stacks 

as two different crystals, representative of a stacked conglomerate assembly, embody 

the finest manifestation of chiral resolution, but is not realized herein. Nevertheless, 

continuous stacking of homochiral co-entities with transfer, amplification and 

memorization of racemic information materialized here can be a headway towards 

achieving the challenging task. The OBPDI-benzenoid double racemic cocrystals 

opened a possibility to generate twisted P/M configurations of azobenzene (AZO), 

having high energy, which are stabilized through non-covalent interactions in the 

crystal. The higher energy enantiomers of AZO are achieved solely from the influence 

of host-guest interactions, and hence contributing partially to an emergent idea of 

gaining the activation energy for the trans-cis isomerization of AZO by other means 
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such as mechanical force, electrical energy etc.[153]–[156] instead of the usual 

requirement of photoactivation. But, lack of enough space in the synergistically 

generated cavity inside the crystal system of OBPDI host, perhaps, hindered further 

rotation of the trapped AZO conformation to the cis form. Nevertheless, the twisted 

AZO conformation provided insights into the favorable pathway an AZO molecule 

tend to adopt, when it contracts extra energy from an external source and begins to 

undergo conformational change thereby emerging as an effort to shed light into the 

age-old debate[157]–[163] regarding the mechanism behind trans-cis cycle of 

azobenzene. 

3.2. Synthesis and characterization  

Octabromoperylenediimide (OBPDI) was synthesized and characterized as per 

previous literature (Scheme 3.2).[164]  

 

Scheme 3.2: Shows the synthesis of OBPDI.  

3.2.1. Synthesis of 1,6,7,12-tetrabromoperylene-3,4,9,10-

tetracarboxylic dianhydride (PTCDA-Br4) 

In a 250 ml round-bottom flask, 2.5 g of perylene-3,4,9,10-tetracarboxylic dianhydride 

(PTCDA) was stirred with 100 ml of concentrated sulphuric acid for 5 hours. Catalytic 

amount of elemental iodine was added and the reaction mixture was heated to 110 °C. 
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4.4 equivalence of elemental bromine was added dropwise into the reaction mixture, 

to synthesize PTCDA-Br4. The reaction mixture was refluxed for 24 hours. After 24 

hours, the product was precipitated by pouring the reaction mixture into crushed ice. 

The resultant precipitate was filtered through a Buchner funnel, washed with water 

and methanol. The solid was dried in hot air oven to yield PTCDA-Br4 as red solid. 

Owing to the insolubility of the compound, it was taken for next step of synthesis 

without any characterization. 

3.2.2 Synthesis of 1,2,5,6,7,8,11,12-octabromoperylene-3,4,9,10-

tetracarboxylic dianhydride (OBPDA)  

1.5 g of PTCDA-Br4 was weighed into a 250 ml round-bottom flask. 50 ml of Conc. 

H2SO4 was added and stirred for 15 minutes at room temperature. The temperature 

was then raised to 110 °C, 1.5 g (5 mmol) of DBH (1,3-dimethyl-5,5-dibromohydantoin) 

was added in portions over a period of 30 minutes. The reaction mixture was refluxed 

for 24 hours. After 24 hours, the product was precipitated by pouring the reaction 

mixture into crushed ice. The resultant precipitate was filtered through a Buchner 

funnel, washed with water and methanol. The solid was dried in hot air oven to yield 

OBPDA as red solid. Yield = 70 %. Melting Point > 300 °C.  

13C NMR (125 MHz, CDCl3, TMS): 156.55, 135.06, 133.04, 131.31, 128.27, 127.88, 120.22 

HRMS (ESI): m/z calculated for C24Br8O6 [M + Na]+: 1046.4852, found: 1046.4858 

3.2.3. Synthesis of 1, 2, 5, 6, 7, 8, 11, 12-octabromo perylene-3, 4, 9, 

10-tetracarboxylic diimide (OBPDI) 

OBPDA (250 mg) was taken in a 100 ml round-bottom flask, 30 ml of DCM was added. 

It was stirred for 10 minutes at room temperature. N-Butylamine (2.5 eq) was added 

dropwise, refluxed for 2 hours. After 2 hours PBr3 (1eq) was added and further 

refluxed for 1 h. The reaction was cooled to room temperature and 100 ml of water 

was added. Aqueous layer was separated using DCM. The organic layer was collected 
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and solvent evaporated under reduced pressure. The crude mixture was purified by 

column chromatography with DCM:hexane (1:1) Yield=70%. Melting point >300 °C.  

1H NMR (500 MHz, CDCl3, ppm): δ = 4.27-4.21 (m, 2H), 4.17- 4.12 (m, 2H), 1.72- 1.66 

(m, 4H), 1.44-1.39 (m, 4H), 0.94 (t, J =7.5, 6H). 

13C NMR: (125 MHz, CDCl3, TMS): δ = 160.10, 133.42, 132.78, 132.12, 127.60, 125.83, 

121.72, 42.29, 31.06, 20.64, 13.56. 

HRMS (ESI):  m/z calculated for C32H18Br8N2O4 [M + Na]+: 1156.7283, found: 1156.7397. 

3.3. Results and discussions 

The crystallization of OBPDI from aliphatic (DCM: hexane, THF) and aromatic 

(benzene, toluene, o-xylene, p-xylene, m-xylene, and mesitylene) solvents yielded 

deep red colored needle shaped crystals (Figure 3.2, Table C-3.1 in Appendix). 

Detailed analysis of the single crystals of OBPDI showed a slip-stacked chromophoric 

organization for the crystals derived from aliphatic solvents, denoted as OBPDI-Al 

(Figure 3.1a). The slip-stacked chromophoric arrangement was also observed in the 

previously reported OBPDI crystal[164] which was obtained from a mixture of 

chloroform and acetone, thereby corroborating the self-assembly pattern adopted by 

OBPDI-Al crystals (Figure 3.3). Contrastingly, crystals of OBPDI acquired from 

aromatic solvents (OBPDI-Ar) preferred face-to-face stacking arrangement with the 

intercalation of solvent molecules between the twisted π-core of OBPDI moieties. 

Among the OBPDI-Ar crystals (Figure 3.1), two molecules of benzene, toluene and o-

xylene respectively were trapped between the OBPDI cores whereas only one solvent 

molecule was incorporated during the crystallization of OBPDI from p-xylene, m-

xylene and mesitylene. The observed variation in the number of encapsulated 

aromatic units could be attributed to an increase in the surface volume (Vw) from 

benzene (Vw=70.6 Å3) to mesitylene (Vw=109.0 Å3). A major attribute of the OBPDI-Ar 

cocrystals integrated with two aromatic units involved the induction of racemic sense 
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from OBPDI host to the nature of orientation of the guest molecules, driven by the 

interplay of several non-covalent interactions. 

 

 

Figure 3.2: ORTEP diagrams representing the molecular structure of OBPDI crystallized 

from a) DCM-hexane b) THF c) benzene d) toluene e) o-xylene f) m-xylene g) p-xylene and h) 

mesitylene with thermal ellipsoids drawn at the 50% probability level. 
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Figure 3.3: a) Slip-stacked packing arrangement observed in the reported OBPDI crystal 

obtained from chloroform:acetone mixture and co-facial packing  arrangement observed in 

OBPDI-Ar crystals obtained from b) toluene, c) o-xylene, d) p-xylene and e) mesitylene. 

Comprehensive analysis of the intermolecular interactions promoting the 

crystalline packing of OBPDI-Al crystals revealed a major role of type II Br⋯Br 

interactions[165] (θ1=167.01°-170.40° & θ2=86.62°-88.00°) in facilitating the 1-

dimensional (1D) slip-stacked arrangement along the b-axis (Figure 3.4). The angles 

θ1 and θ2 in type II Br⋯Br interactions correspond to the angles in which the two 

interacting halogen atoms approach each other which, by definition, falls in the range 

of θ1≃180° and θ2≃90°. In the OBPDI crystals derived from THF solvent, additional 

C-Br⋯O halogen bonding interaction between THF and OBPDI moieties (dBr⋯O=3.27 

Å) steered the hooking of THF molecule along the edge of the 1D crystal stack (Figure 

3.3). Among the diverse non-covalent interactions in OBPDI-Ar cocrystals, π-hole⋯π 

donor-acceptor type interactions[34] (dπ-hole⋯π=3.39-3.58 Å, b-axis) between the OBPDI 

core and aromatic scaffold of respective guest molecules, and type I Br⋯Br 

interactions orchestrated an interdigitated columnar packing arrangement  
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Figure 3.4: a) Representative image of type II Br⋯Br interactions along 1D in the OBPDI-Al 

crystals and b) Schematic representation of type I and type II dihalogen interactions. 

 (Figure 3.5). While, C-Br⋯O halogen bonding interaction between laterally displaced 

OBPDI molecules fabricated a 2D corrugated sheet type arrangement (Figure 3.5) in 

both OBPDI-Al and OBPDI-Ar crystals. Bader’s quantum theory of atoms-in-

molecules (QTAIM) analysis offered further insights into the notable intermolecular 

interactions that defined the disparate crystalline assembly of OBPDI-Al and OBPDI-

Ar cocrystals (Figure 3.6).[123] QTAIM analysis provided atomic level perceptions 

about the crystalline assembly of OBPDI-Al derivatives and revealed the major roles 

played by Br⋯Br halogen bonding, π⋯π and C-H⋯H-C interactions in facilitating the 

slip-stacked organization in OBPDI-Al crystals. While, π-hole⋯π interactions in 

conjunction with Br⋯Br and C-H⋯H-C interactions directed the cofacial packing of 

OBPDI-Ar cocrystals. Furthermore, the synchronized arrangement of π-hole⋯π 

interactions, Br⋯Br and C-H⋯H-C interactions concocted well-defined cavities in the 

crystal (Figure 3.7).  

Further, Hirshfeld surface (HS) analysis[39],[124] provided insights into the 

driving forces that transformed the slip-stacked assembly in OBPDI-Al crystals to 

cofacial packing motifs in OBPDI-Ar cocrystals. The lamellar, yet, slightly displaced 

packing mode in OBPDI-Al crystals could be attributed to a greater contribution from 
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C⋯H (%C⋯H=6.4-12.2) interactions (Table 3.1) while prominent C⋯C (%C⋯C=4.1-

7.3) interactions, evolved as π-hole⋯π interactions in OBPDI-Ar, steered the cofacial 

packing assembly of OBPDI-Ar crystals. The π-hole⋯π interactions in OBPDI-Ar 

cocrystals ensued due to a donor-acceptor relation between electron deficient OBPDI 

host and electron rich guest molecules. Electrostatic surface potential (ESP) map of 

OBPDI core was generated at the B3LYP/6-311G+(d,p) level of theory to gain a deeper 

understanding about the electron density distribution in the host OBPDI moiety and 

thereby decoding the origin of the charge transfer characteristics of the π-hole⋯π 

interactions. ESP analysis carried out on monomer  

 

 

Figure 3.5: Representative image of the observed a) π-hole⋯π interactions and b) Type I 

Br⋯Br interactions along 1-dimension (1D) in OBPDI-Ar crystals derived from benzene. 

Observed C-Br⋯O halogen bonding interactions along 2-dimension (2D) in c) OBPDI-Al and 

d) OBPDI-Ar crystals. 

 

c) d) 
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Figure 3.6: QTAIM electron density maps of crystalline OBPDI dimers obtained from a) 

chloroform: acetone b) OBPDI-AZO1 c) o-xylene d) p-xylene e) benzene and f) toluene. 

OBPDI unit validated the highly electron deficient central π-hole/π-cavity in the 

OBPDI scaffold wherein more positive electrostatic potential region (blue region) was 

detected in OBPDI when compared to the non-brominated perylenediimide (PDI) 

analog and tetrabrominated PDI (PDIBr4)[93] (Figure 3.8). The higher number of 

electron-withdrawing bromine atoms in OBPDI when compared to PDI and PDIBr4  
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Figure 3.7: Representative image of a) crystalline arrangement of the synergistically induced 

cavity in OBPDI-Ar cocrystals b) molecular surface model of the cavity. 

Table 3.1:  Values of %C···H and %C···C interactions obtained from Hirshfeld surface 

analysis. 

materialized a highly electron deficient core, signified by the more positive 

electrostatic potential region in the ESP map of OBPDI. Hence, the highly electron 

deficient OBPDI scaffold, mediated the donor-acceptor type π-hole⋯π interactions 

with the incoming guest units, to effect the unprecedented double racemic crystalline 

motif. The small benzenoid molecules which acted as electron rich reservoirs assisted 

in the inception of π-hole⋯π interactions resulting in a concomitant induction of  

Entry %C···H %C···C 

Chloroform:acetone 12.2 1.6 

DCM:hexane 10.6 1.7 

THF 6.4 1.3 

benzene 9.2 7.3 

toluene 11.0 6.6 

o-xylene 9.2 6.7 

p-xylene 10.8 7.2 

m-xylene 11.6 5.4 

mesitylene  11.4 4.1 

OBPDI-AZO1 

OBPDI-AZO2 

8.4 

10.3 

7.6 

11 
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Figure 3.8: Electrostatic surface potential (ESP) maps of a) PDI b) PDIBr4 and c) OBPDI. 

twisted configuration of OBPDI and associated conformational chirality into the 

organizational mode of the incarcerated guests. 

Rationale behind the slip-stacked and cofacial crystalline assembly in OBPDI-

Al and OBPDI-Ar crystals respectively were explored on OBPDI dimers through 

potential energy surfaces (PES) engendered using density functional theory 

performed at B3LYP/6-311G++(d, p) level. The energetics of OBPDI dimer (generated 

from optimized monomer geometry) were evaluated at different stacking positions 

with respect to molecular displacements along the X, Y and Z axes (Figure 3.9a). 

Calculated PES of OBPDI dimer at X=4 Å to X=6 Å showed the favorable formation of  

 

Figure 3.9: a) Direction of molecular displacements along X,Y and Z axes performed on 

OBPDI-Ar model b) PES diagram of OBPDI showing interaction energy at X-axis 

displacement=8 Å. 

b)a)
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Figure 3.10:  Potential energy surface diagrams of OBPDI showing interaction energy along 

X-axis displacement at a) X= 4 Å b) X= 5 Å c) X= 6 Å d) X= 7 Å. 

slip-stacked packing arrangement as is seen in the OBPDI-Al crystals (Figure 3.10). At 

X=7 Å and X=8 Å, the PES scan indicated the energetic feasibility for cofacial stacking 

mode, thereby corroborating the packing in OBPDI-Ar crystal structures (Figure 3.9b 

& 3.10d).  

Symmetry-adapted perturbation theory (SAPT0) analysis was employed to 

establish the stability of the observed crystalline assembly of OBPDI-Ar and OBPDI-

Al crystals. SAPT(0) analysis (Table 3.2) provided a quantitative picture of the total 

interaction energy and the contributing non-covalent components (electrostatic, 

dispersion, induction and exchange repulsion).[98] A more negative value in the total 

SAPT(0) energy evaluated for the OBPDI-Ar dimer structures (𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇~-62.35 kcal/mol) 

when compared to the OBPDI-Al dimer structures (𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇~-24.45 kcal/mol) ascertained 

superior stability of the OBPDI-Ar dimer orientation. The observed greater stability of 

OBPDI-Ar dimer structures could be attributed to the compensative role of stabilizing 

electrostatic (𝐸𝑒𝑙𝑐
(1)~-28.20 kcal/mol) and dispersion energy (𝐸𝑑𝑖𝑠

(2)~-79.09 kcal/mol) 
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components over the destabilizing exchange repulsion (𝐸𝑒𝑥
(1)~50.66 kcal/mol) towards 

the total interaction energy. The higher value of electrostatic energy in OBPDI-Ar 

dimer further verified the existence of π-hole⋯π charge transfer interaction between 

the host OBPDI and the entrapped aromatic guest molecules. While the higher 

contribution of dispersion energy in stabilizing the dimer systems of OBPDI-Ar 

cocrystals accounted for the close proximity between the aromatic solvents and the 

OBPDI molecule. In this regard, OBPDI evolved as a potential medium to selectively 

trap small aromatic molecules in the inherently generated voids. 

Upon ascertaining the energetically favored facile generation of OBPDI-Ar 

double racemic cocrystals, we proceeded to exploit the chiral induction effect of 

OBPDI to generate P/M enantiomers of trans-azobenzene through conformational 

modulation. Cocrystallization of OBPDI and trans-azobenzene in 1:1 ratio from 

tetrahydrofuran in the presence of light yielded needle shaped crystals having C2/c 

space group, denoted herein as OBPDI-AZO1 cocrystal (Figure 3.11). As envisioned, 

π-hole⋯π donor-acceptor (D-A) interaction (Figure 3.11) drove the intercalation of 

trans-azobenzene in π-hole cages of OBPDI followed by transfer of chiral information 

to result in OBPDI-AZO1 double racemic cocrystal having D-A stacked assembly 

(Figure 3.12a and 3.12b). The P and M atropisomers of OBPDI and twisted azobenzene 

segregated as homochiral bichromophoric stacks in the same crystal system (Figure  

 

Table 3.2. Interaction energies[a] of representative OBPDI dimers from SAPT(0) jun-cc-pvdz 

calculations. 

Dimer 𝑬𝒊𝒏𝒕
𝑺𝑨𝑷𝑻 𝑬𝒆𝒍𝒄

(𝟏)
 𝑬𝒅𝒊𝒔

(𝟐)
 𝑬𝒊𝒏𝒅

(𝟐)
 𝑬𝒆𝒙

(𝟏)
 

OBPDI-Al -24.45 -9.89 -31.44 -2.34 19.23 

OBPDI-Ar -62.35 -28.20 -79.09 -5.77 50.66 

OBPDI-AZO1 -58.16 -21.22 -71.36 -3.96 38.39 

[a]All energy values are provided in kcal/mol.  

𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇=Total interaction energy; 𝐸𝑒𝑙𝑐

(1)
= Electrostatic; 𝐸𝑑𝑖𝑠

(2)
=Dispersion; 𝐸𝑖𝑛𝑑

(2)
=Induction and 𝐸𝑒𝑥

(1)
=Exchange 

repulsion energy. 
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Figure 3.11. a) Crystal assembly of OBPDI-AZO1 showing π-hole⋯π interactions; ORTEP 

images of b) OBPDI-AZO1 crystallized in the presence of light and c) OBPDI-AZO2 

crystallized in dark conditions. 

 

 

Figure 3.12: a) Double racemic crystalline packing arrangement in OBPDI-AZO1 cocrystal 

highlighting (P) and (M) chiral orientations, b) view of crystal packing along (101) plane 

representing the dihedral angle of twisted azobenzene in OBPDI-AZO1 cocrystal, c) Kubelka-

Munk diffuse reflectance spectra of OBPDI, AZO and OBPDI-AZO1 in the crystalline state 

and d) ESP map of OBPDI-AZO1: Arrows indicate views from the top (blue shaded OBPDI 

side) and bottom (red shaded AZO side) surfaces of the ESP map of OBPDI-AZO1 cocrystal.  
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3.13). Evidences for the presence of charge transfer character in the ground and excited 

states of OBPDI-AZO1 cocrystal were verified through Kubelka-Munk diffuse 

reflectance and steady-state emission spectroscopic techniques, along with in-silico 

electrostatic surface potential (ESP) analysis. OBPDI-AZO1 cocrystal showcased 

broad absorption bands having characteristics of constituent OBPDI (λabs~470-545 nm) 

and AZO (λabs~315 nm) moieties and a ~3`0 nm red-shifted tail which could be ascribed 

to the charge transfer interaction between the host OBPDI and AZO guest constituents 

(Figure 3.12c). Similarly, the broad fluorescence emission spectral characteristics of 

OBPDI-AZO1 signified the presence of excited state charge transfer species with the 

most red-shifted band having ~28-30 nm Stokes shift when compared to OBPDI 

emission in the crystalline state upon photoexcitation at 450 nm (Figure 3.14). 

Comparison of the UV-Vis absorption spectrum and excitation spectrum of OBPDI-

AZO1 collected at 643 nm indicated OBPDI emission (Figure 3.14) in the cocrystal. The 

ESP analysis performed on a D-A stack of OBPDI-AZO1 cocrystal revealed electron  

 

Figure 3.13: Crystal assembly of OBPDI-AZO1 showing a) Type I Br⋯Br halogen bonding 

interactions and b) Molecular packing arrangement. 
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Figure 3.14: a) Fluorescence emission spectra of representative OBPDI-AZO1 cocrystal and 

parent OBPDI crystal collected upon photoexcitation at 450 nm; Comparison of excitation 

spectrum and absorption spectrum of b) OBPDI-AZO1 at 640 nm fluorescence emission and 

c) OBPDI crystal at 636 nm fluorescence emission. 

deficient (blue) and electron rich (red) regions respectively on OBPDI and AZO units 

providing a well-painted picture of the nature of charge distribution in the cocrystal 

system (Figure 3.12d). 

Interestingly, the formation of cocrystals with azobenzene was found to be 

characteristic of OBPDI derivative while PDI and PDIBr4 failed to serve as suitable 

acceptors (hosts) for AZO under similar conditions, despite, the inclination of PDIBr4 

to attract benzene molecules as reported by Würthner and coworkers.[166] The 

stability of OBPDI-AZO1 cocrystal was validated through SAPT(0) analysis (Table 3.2) 

wherein major contributions from electrostatic (𝐸𝑒𝑙𝑐
(1)~-21.22 kcal/mol) and dispersion 

interactions (𝐸𝑑𝑖𝑠
(2)

~-71.36 kcal/mol) facilitated the unique double racemic assembly as 

observed in OBPDI-Ar cocrystals. OBPDI-AZO1 cocrystal encompassed orientational 

disorder of the entrapped AZO units which could be attributed to “pedal motion” of 

AZO.[167],[168] The orientational disorder in OBPDI-AZO1 resulted from each 

trapped AZO unit adopting either of two conformations (Ab1 & Ab2) related by 2-

fold rotation about the long axis of AZO molecules.[169] The near equivalent 

occupancy of Ab1 (φ=0.57)[170] and Ab2 (φ=0.43) conformations in OBPDI-AZO1 

cocrystal at room temperature could arise due to N⋯π interaction of each AZO group 

to encapsulating OBPDI units (Figures 3.15 & 3.16). The twisted geometries of trapped 

azobenzene molecules revealed a dihedral angle of Φd~36.8° revealing a high energy 

600 650 700 750 800 850

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
. 

E
m

is
s

io
n

 I
n

te
n

s
it

y
 (

a
.u

.)

Wavelength (nm)

 OBPDI-AZO1

 OBPDI

200 300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

 

N
o

rm
. 

E
m

is
s

io
n

 I
n

te
n

s
it

y
 (

a
.u

.)

N
o

rm
. 

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 Excitation spectrum

 Absorbance

300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

 

 N
o

rm
. 
E

m
is

s
io

n
 I

n
te

n
s
it

y
 (

a
. 

u
.)

N
o

rm
. 

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

 Excitation spectrum 

 Absorption 

a) b) c)



Chapter 3 - Metastable Chiral Azobenzenes Stabilized in a Double Racemate 
 

75 
 

conformation when compared to trans (ΔE1~140 kcal/mol)[171] and cis-azobenzene 

(ΔE3~125 kcal/mol) as validated by single point energy calculations (Figure 3.17).  

 

Figure 3.15: The two conformations of AZO (Ab1 and Ab2) resulting from pedal motion. 

 

Figure 3.16: Crystal packing of OBPDI-AZO1 showing N⋯π interactions observed in a) Ab1 

and b) Ab2 conformations. 

 

Figure 3.17: Potential energy distribution of the different conformations of azobenzene; a) 

trans-azobenzene b) transition state orientation of azobenzene trapped in OBPDI-AZO1 

crystal and c) cis-azobenzene. 
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Azobenzene has been reported to follow two major paths during 

photoisomerization (rotation and inversion pathways) of which inversion mechanism 

is associated with one of the nitrogen atoms transitioning through sp hybridized 

state.[161] The N=N bond distance of skewed azobenzene in the OBPDI-AZO1 

cocrystal was significantly lower (dN=N~1.12 Å)[172] than trans-azo (dN=N~1.24-1.26 Å) 

indicating a transition to sp state. Since trans-cis isomerization of azobenzene is a light 

driven process, OBPDI-AZO crystallization was also performed in the dark to annul 

all possible effects of light energy in twisting the structure of azobenzene. The 

cocrystals so obtained in dark conditions have been named as OBPDI-AZO2, in line 

with the OBPDI-AZO1 nomenclature for the cocrystals yielded in the presence of light 

(Figure 3.11). OBPDI-AZO2 cocrystals were also associated with decreased N=N bond 

length (dN=N~1.19 Å) in the twisted azobenzene conformation,[172],[173] establishing 

the sole effect of OBPDI moiety in generating the higher energy AZO state without 

the requirement of external light energy sources to overcome the activation barrier. 

Thus, general tendency of AZO to decrease N=N bond distance upon conformational 

twisting could be an indication of more preference for the inversion pathway over the 

other isomerization modes. To the best of our knowledge, OBPDI-AZO epitomize a 

crystallographic evidence for the enumerable theoretical[159] and spectroscopic 

predictions regarding the most preferred pathway adopted for the conformational 

interconversions of azobenzene. 

Evidence for the decrease in N=N bond distance in OBPDI-AZO1 cocrystal was 

examined using Raman spectroscopic analysis. Raman lines are considered to be the 

spectral fingerprint of a molecule by delivering vital evidences about bond distances 

from the vibrational features of the molecule. Raman spectroscopic analysis was 

carried out on the crystalline powder samples of OBPDI, AZO and OBPDI-AZO1 by 

photoexciting at 632.8 nm with an acquisition time of 5 s using a 50x objective. Raman 

spectrum (Figure 3.18) of OBPDI-AZO1 revealed the presence of vibrational band 

corresponding to N=N stretch centered at ~1453 cm-1 which is found to be upshifted 
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by 11 cm-1 when compared to the characteristic N=N stretch[174] of trans-azobenzene 

(~1442 cm-1). Absence of a vibrational band corresponding to ~1453 cm-1 in the Raman 

spectrum of OBPDI corroborated the observed vibrational band centered at ~1453 cm-

1 in OBPDI-AZO1 to be the upshifted vibrational peak of a typical N=N stretching 

mode of the azobenzene component. The increase in the N=N vibrational stretching 

frequency in OBPDI-AZO1 could be attributed to an upsurge in the N=N bond energy 

because of the decrease in N to N bond distance originating from the induced 

conformational twist of the azobenzene moiety in OBPDI-AZO1 cocrystal.  

The increase in the N=N bond energy of AZO in OBPDI-AZO1 cocrystal is 

further substantiated through X-ray photoelectron spectroscopic (XPS) analysis 

wherein, change in the binding energy value of N1s peak provided significant 

evidences to the shift in hybridization of the nitrogen atoms. The XPS N1s core level 

spectrum of crystalline powder samples of OBPDI, AZO and OBPDI-AZO1 were 

recorded using Mg Kα X-ray source of 100 W power. Deconvolution of XPS N1s 

spectrum of OBPDI-AZO1 (Figure 3.18b) cocrystal revealed the presence of two N1s 

XPS peaks having binding energy values, Eb=403.99 eV and Eb=402.76 eV which 

pointed out to the presence of two nitrogen atoms in different chemical states. The 

N1s peak at a binding energy of 402.76 eV observed in the OBPDI-AZO1 XPS data 

closely overlapped with that of parent OBPDI crystal (Eb=402.76 eV). While, the 

binding energy value of AZO unit in OBPDI-AZO1 cocrystal shifted to higher 

magnitudes when compared to the trans-azobenzene (Eb=401.61 eV) molecule. The 

broad higher energy band observed for AZO N1s in the OBPDI-AZO1 cocrystal could 

be attributed to a combined effect of charge transfer interaction[175] and a possible 

transition of the nitrogen atom to sp state.[176]  

Inquisitively, we proceeded to inspect any possibilities of photoinduced 

changes in the higher energy conformation of azobenzene trapped inside the OBPDI 

cavity by irradiating the OBPDI-AZO1 cocrystal with 318, 355 and 532 nm lasers of 

variable fluences. Exposure to laser pulses of powers ranging from 5 to 30 mW  
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Figure 3.18: a) Raman spectra of OBPDI, OBPDI-AZO1 and AZO measured in the 

crystalline powder state after photoexcitation at 632.8 nm; b) Core level N 1s XPS spectra of 

OBPDI-AZO1, OBPDI and AZO in the crystalline powder state. 

exhibited insignificant changes to OBPDI-AZO1 cocrystal as evinced from single 

crystal X-ray structure and vibrational analysis with Raman spectroscopy (Refer 

materials and methods for details, Figures 3.19-3.21).  

 

Figure 3.19: Optical microscopy images of OBPDI-AZO1 a) before irradiation and b) after 

irradiation using laser with fluence of 30 mw and 318 nm wavelength for 90 minutes (red 

circle indicates the portion of laser irradiation). 
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Figure 3.20: ORTEP images of OBPDI-AZO1 a) before irradiation and b) after irradiation 

using 318 nm laser of 30 mW fluence for 90 minutes. 

Photostability of the OBPDI-AZO1 cocrystal could be attributed to the strong 

influence of π-hole⋯π interactions in retaining the cofacial crystalline order through 

inhibiting any conformational modifications to occur in the crystal lattice. 

 

Figure 3.21: Raman spectra of OBPDI-AZO1 collected before and after irradiation using a) 

355 nm laser at a power of 30 mW for 5 minutes and b) 532 nm laser at a power of 30 mW for 

5 minutes. 
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3.4. Conclusions 

In conclusion, twisted racemic OBPDI crystals delivered a series of novel 

double-racemic cocrystals, OBPDI-Ar, involving induction of twist based racemicity 

from OBPDI to achiral guests by virtue of various noncovalent interactions. Electron 

deficient cavities synergistically generated in the crystal system trapped small electron 

rich guest molecules and the host-guest chemistry reported herein did not necessitate 

complex synthetic schemes. The P and M enantiomers of OBPDI and the guest 

molecules segregated as homochiral mixed stacks in the same crystal system of the 

twisted double-racemic cocrystals, not realized hitherto. SAPT(0) analysis and DFT 

technique validated the energetic feasibility of OBPDI-Ar cocrystal formation. 

Further, trapping and transmission of chirality from OBPDI to aromatic guest was 

employed to achieve higher energy twisted conformations of azobenzene adopting 

both P and M mirror symmetries. Detailed analysis of the modulated azobenzene 

enantiomers in the OBPDI-AZO cocrystal using X-ray diffraction, Raman and X-ray 

photoelectron spectroscopic techniques indicated shortening of N=N bond, an 

associated phenomenon in the inversion pathway of trans-cis isomerization of 

azobenzene. Thus, the crystallization induced twisting of azobenzene provided a 

structural understanding about the favorable pathway an azobenzene molecule tend 

to adopt, when it extracts energy from an external source to cross the activation barrier 

and begins to undergo conformational change. Hence, OBPDI evolved as a promising 

host system involving a novel self-assembly strategy to promote chiral information 

transfer to achiral moieties leading to amplification of stored racemic information apt 

for engineering better optoelectronic devices. 
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3.5. Appendix 

Table C-3.1: Crystal data and structure refinement parameters of OBPDI crystals obtained 

from various solvents. 

Unit cell 

parameters 

CHLOROFOR

M: ACETONE 

(REPORTED) 

DCM: 

HEXANE 

THF BENZENE TOLUENE O-XYLENE 

Empirical 

formula 

C32H18Br8N2O4 

 

C32H20Br8N2O

4 

 

C32H18Br8N2O4 

C4H8O 

C32H18Br8N2O4

, 

2 (C6H6) 

C32H18Br8N2O4

, 

2 (C7H8) 

C32H18Br8N2O4

, 

C8H10 

Formula 

weight 

1135.78 1135.78 1205.87 1289.98 1318.73 1346.08 

Colour, 

shape 

 Red, needle Red, needle Red, needle Red, needle Red, needle 

Crystal 

system 

Monoclinic Triclinic Triclinic Monoclinic Monoclinic Monoclinic 

Space group C2/c P-1 P-1,2 C2/c,4 P21/c,4 C2/c,4 

A (Å) 15.464 (6) 7.917(2) 7.8261 (7) 21.043 (4) 22.6319(14) 20.8151(14) 

B (Å) 15.462 (5) 11.602(4) 11.5229 (9) 7.3051(16) 7.5717(6) 7.5115 (6) 

C (Å) 14.114 (4) 19.802(6) 22.106 (2) 28.007(6) 27.4136(16) 30.745 (2) 

α, deg 90 74.178(14) 98.830 (3) 90 90 90 

β, deg 104.799 79.736(16) 97.166 (3) 105.827 (8) 111.908 (4) 108.968 (3) 

Ƴ, deg 90 75.548(14) 104.610 (3) 90 90 90 

Volume (Å3) 3262.77 1682.5(9) 1878.12 4142.06 4358.4 4553.35 

Temperature 

(K) 

- 296 296 296 296 296 

Calculated 

density 

(mg/m
3 
) 

- 2.242 2.132 2.069 2.009 1.964 

Reflections 

collected 

- 24178 26725 16791 37627 16932 

Unique 

reflections 

- 6598 6589 4052 9505 3994 

Number of 

parameters 

- 415 460 251 512 268 

R1, wr2 

(i˃2σ(i)) 

- 0.2334, 

0.4614 

0.0572,0.144

3 

0.0533,0.1501 0.0527,0.1040 0.0706,0.1973 

R1, wr2 (f2) 

(all data) 

- 0.3274, 

0.5106 

0.1111,01755 0.0872,0.1733 0.1740,0.1431 0.0982,0.2227 

R (f %) 3.57 22.48 5.72 5.33 5.27 7.06 

Goodness of 

fit on f2 

- 1.101 1.047 1.004 0.967 1.069 

CCDC 

number 

1412900 1913336 1913341 1913335 1913342 1913339 
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3.5.1. Materials and methods 

All chemicals were obtained from commercial suppliers and used as received 

without further purification. All reactions were carried out in oven-dried glassware 

before use and wherever necessary, were performed under dry nitrogen in dried, 

anhydrous solvents using standard gastight syringes, cannula, and septa. Solvents 

were dried and distilled by standard laboratory purification techniques. TLC analysis 

were performed on recoated aluminium plates of silica gel 60 F254 plates (0.25 mm, 

Merck) and developed TLC plates were visualized under short and long wavelength 

UV lamps. Flash column chromatography was performed using silica gel of 200-400 

mesh employing a solvent polarity correlated with the TLC mobility observed for the 

substance of interest.Yields refer to chromatographically and spectroscopically 

homogenous substances. Melting points were obtained using a capillary melting point 

apparatus. 1H and 13C NMR spectra were measured on a 500 MHz Bruker advanced 

DPX spectrometer. Internal standard used for 1H and 13C NMR is tetramethyl silane 

(TMS). High resolution mass spectra (HRMS) were recorded on Thermo Scientific Q 

Exactive mass spectrometer using electrospray ionization (ESI, positive mode) 

technique. 

3.5.2. X-ray crystallography 

High quality crystals of OBPDI-Al, OBPDI-Ar, OBPDI-AZO1 and OBPDI-AZO2 with 

appropriate dimensions were selected for the X-ray diffraction experiments. Single 

crystal was mounted using oil (Infineum V8512) on a glass fibre. All measurements 

were made on a CCD area detector with graphite monochromated Mo Kα radiation. 

The data was collected using Bruker APEXII detector and processed using APEX2 

from Bruker. The structure was solved by direct method and expanded using Fourier 

technique. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were included in idealized positions, but not refined. Their positions were constrained 

relative to their parent atom using the appropriate HFIX command in SHELX-97. All 
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programs used during the crystal structure analysis are incorporated in the WINGX 

software. The full validation of CIF and structure factor of OBPDI crystals was 

performed using the checkCIF utility and found to be free of major alert levels. 3D 

structure visualization and the exploration of the crystal packing of OBPDI-Al, 

OBPDI-Ar, OBPDI-AZO1 and OBPDI-AZO2 crystals was carried out using Mercury 

4.1.0. 

3.5.3. Solid state UV-Vis absorption and fluorescence emission 

measurements 

Absorption and emission spectra were recorded on Shimadzu UV-3600 UV-VIS-NIR 

and Horiba Jobin Yvon Fluorolog spectrometers respectively. Kubelka-Munk 

transformed reflectance spectra in the crystalline powder state using integrating 

sphere coated with BaSO4 were measured in the diffuse reflectance mode. The 

Kubelka-Munk model is quite accurate when the particle size is smaller or similar to 

the wavelength of the excitation. The diffuse reflectance spectra allow no separation 

of the reflection, refraction and diffraction occurring from the crystalline samples. As 

a result, the diffuse reflectance spectrum is not as sensitive compared to the UV-vis 

absorption spectra and can possibly be broader as compared to the typical absorbance 

and fluorescence excitation spectra. 

3.5.4. Raman spectroscopic analysis 

Raman spectroscopic analysis of OBPDI-AZO1, OBPDI and trans-azobenzene in the 

crystalline powder state were recorded using a HR800 LabRAM confocal Raman 

spectrometer, operating at 20 mW laser power using a Peltier cooled (-74⁰C) CCD 

detector. Raman spectra were recorded using a He-Ne laser source having an 

excitation wavelength of 632.8 nm with an acquisition time of 5 s using a 50x objective. 

Raman spectra analysis of the OBPDI-AZO1 cocrystal before and after irradiation of 

UV and visible light source was also done using the same experimental parameters. 
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3.5.5. X-ray photoelectron spectroscopic (XPS) analysis 

X-ray Photoelectron Spectroscopic (XPS) measurements were performed using an 

ESCA Plus spectrometer (Omricon Nanotechnology Ltd, Germany). Mg Kα (1253.6 eV) 

was used as the X-ray source operating at 100 watts. General scans and core-level 

spectra were acquired with 1 eV and 50 eV pass energy respectively. Spectral 

Background (Shirely) de-convolution was done by using CasaXPS software. 

3.5.6. Photoirradiation experiments 

The photoirradiation experiments were performed on good quality crystals of OBPDI-

AZO1 using 318 nm, 355 nm and 532 nm laser lights of power ranging from 15-30 mW. 

The photoirradiation experiment with 318 nm laser was monitored using optical 

microscopic images of the crystals collected before and after photoirradiation (for a 

time period of 90 minutes) using Leica m80 microscope. The images before and after 

irradiation displayed insignificant changes to the crystalline morphology. Single 

crystal x-ray diffraction analysis of the irradiated crystal (318 nm, 20 mW OBPDI-

AZO1-UV) also verified the negligible changes to the OBPDI-AZO1 cocrystal. 

Photoirradiation of OBPDI-AZO1 cocrystal using 355 nm and 532 nm laser source (30 

mW fluence for 5 minutes) were performed and the crystals were analyzed for any 

changes to the vibrational modes in their respective Raman spectra. 

3.6. Computational methods 

3.6.1. Quantum theory of atoms in molecules (QTAIM)  

The wave function generation for OBPDI molecule was performed by 

employing the geometries taken from the crystal structure using Gaussian set of codes 

at B3LYP/6-311++G** level of theory using Gaussian 09.  

 



Chapter 3 - Metastable Chiral Azobenzenes Stabilized in a Double Racemate 
 

85 
 

3.6.2. Electrostatic surface potential (ESP) 

Electrostatic surface potential (ESP) map illustrates the charge distribution of 

molecules in three dimensions. These maps allow us to visualize variably charged 

regions of a molecule. Knowledge of the charge distribution can be used to determine 

how molecules interact with one another. Gaussian supports the cube keyword to 

generate the cubes separately from the formatted checkpoint file (generated from 

energy calculation with) using the cubegen utility program. This allows for the 

electrostatic surface potential mapping of the molecule. The calculations were 

performed in Gaussian 09 suite by employing the B3LYP functional and 6-311G+** 

basis set at DFT level of theory.  

3.6.3. Materials Science suite 

The Potential energy surface (PES) scan based on density functional theory 

calculations were performed using the Jaguar[177] DFT module from Schrodinger 

Material Science Suite 2016-4. The geometry optimization and the single-point energy 

calculations were carried out at B3LYP/6-311G**+ level of theory. The dimers for the 

potential energy surface generation were created in VMD from the geometry 

optimized monomer in steps of 1 Å separation. The interaction energy was obtained 

by subtracting the energy of the dimer from twice that of the monomer. 

3.6.4. Gaussian Energy Calculations 

Energy calculations of different conformations of azobenzene monomers were 

performed by employing the B3LYP functional and 6-31G** basis set at DFT level of 

theory using Gaussian 09 suite.[178] 

 

 



Chapter 4 - Modulating Charge Transport through Chromophoric Modifications 
 

86 
 

 

PART A: In Silico Exploration for Maximal Charge 

Transport in Organized Tetrabenzoacenes through 

Pitch and Roll Displacements 
 

Abstract 

A series of π-conjugated tetrabenzoacenes (TBA), including nitrogen-(un)doped derivatives, 

are computationally evaluated to comprehend the correlation between intrinsic structural 

arrangements and charge-transport characteristics. The central charge-transport parameters 

such as reorganization energy and electronic coupling are individually tuned through peri 

substitutions, core substitutions, and/or π extension in TBA derivatives. Owing to significant 

structural changes associated with the reduction process, nitrogen doping impeded the 

electron transport in TBA analogs which is reflected by the reorganization energy values. 

Here, we have adopted an approach wherein, modulated dimeric arrangements of TBA via 

displacements along the molecular long (pitch) and short (roll) axes are mapped with respect 

to the charge transfer coupling. The results so obtained disclosed potential charge-transport 

regions exhibited by slip-stacked geometries in addition to the ideal cofacial modes. Charge 

transport characteristics of TBA dimers mimicking the different orientations of graphene 

bilayers were analyzed, providing insights into the possible material applicability of TBA 

derivatives. The transition from completely aligned graphitic AA packing sequence to slip-

stacked AB and AA′ stacking domains revealed a dent in the charge-transport map owing to 

node–antinode interaction of the frontier molecular orbitals. TBA analogs encompassing the 

Chapter 4 

Modulating Charge Transport through 

Chromophoric Modifications 
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expanded π-system materialized highly displaced dimeric orientation from AB-type packing 

to occupy a hierarchy favoring higher charge transfer coupling than the AB type. Thus, 

realizing stable interchromophoric arrangements of small organic molecules through 

chemical or physical techniques to control their charge-transporting efficiencies is an 

indispensable step toward the generation of better organic electronic devices. 
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4.A.1. Introduction 

Molecular systems having a π-conjugated backbone have attracted significant 

attention in recent decades as organic semiconductors [179],[180] for the development 

of numerous optoelectronic devices such as light-emitting diodes,[181] field effect 

transistors,[182] and solar cells.[3],[183] The easily processable organic crystals form 

ideal test beds to evaluate the basic parameters affecting charge transport such as the 

electronic coupling which varies with respect to the relative orientation and 

multidimensional close-packing arrangements of the chromophores.[1],[184]–[188] 

The different packing arrangements of organic chromophores in the condensed phase 

are achieved as an outcome of various noncovalent interactions such as C–H···π 

[45],[46] and π–π[40] interactions.[189] Understanding the dependence of charge 

mobility with possible polymorphic arrangements of the organic chromophores 

stands essential[190] since subtle changes in molecular architectures can affect the 

charge-conducting nature of the π-conjugated materials. [191] 

Efficient charge mobility in organic crystals entails minimizing the impeding 

pathways such as trapping and scattering of charged particles in the crystalline 

lattices.[37] Highly ordered cofacial packing modes predominated by π–π stacking 

interactions are considered ideal for maximizing the charge transport exhibited by the 

organic crystals due to the efficient orbital wave function overlap. Nonetheless, most 

of the bare π-conjugated organic assemblies tend to align in edge-to-face fashion upon 

crystallization which, a priori, is not the favorable orientation for charge transport due 

to the weakened interorbital overlap.[192] Generating a perfect balance between 

highly conducting and lower energy crystalline packing arrangement is indispensable 

in the development of good charge-transporting materials.[193] Derivatizing the all-

carbon containing backbone of the polyaromatic systems with heteroatoms is one way 

of modulating the packing orientation to make the crystals more conducive for charge 

transport.[194],[195] This approach of modifying the backbone to achieve better 
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charge-transport materials has been well explored and proved effective over the years 

as exemplified in the works of Anthony and co-workers.[196]–[198]  

In this regard, in our continuing efforts toward understanding the charge 

mobility of small crystalline organic molecules,[4],[190],[199],[200] the charge-

transporting abilities of a series of crystalline tetrabenzoacene (TBA) derivatives 

having varying substituent moieties[201],[202] are analyzed herein. The dependency 

of the charge mobility on electronic and structural parameters of the TBA derivatives 

is explored right from the molecular level using the DFT technique to comprehend the 

applicability of the TBA derivatives as better and promising materials for organic 

electronics.  

4.A.2. Results and discussion 

The crystallographic information files (.cif) of the four tetrabenzoacene (TBA) 

derivatives were extracted from CSD version 5.38 via the ConQuest 1.19 search 

engine. The series of wing-shaped TBA derivatives analyzed herein contains different 

substituent moieties attached on to the same linear acene core to yield a good 

comparative report on the relationship between charge transport and 

(supra)molecular structure. Among the TBA analogs, NTP derivative with four 

pyridinyl nitrogen atoms in the core constitutes the archetypical geometry wherein 

halide substitutions at the periphery positions and extension of the π-conjugated core, 

respectively, yielded BNTP and NTH derivatives (Figure 4.A.1). The non-nitrogenated 

analog of NTH, which is TH, is chosen as a representative example for an all-carbon-

containing winged polyacene. The extended flat π-surface along with the chemical 

composition of TBA derivatives facilitated a face-to-face crystalline packing 

arrangement as revealed from the investigation of respective crystal structures. 

Since the charge-transport property of an organic crystal is determined by the 

molecular alignment in the crystal,[203] it is imperative to comprehend the correlation 

between mode of dimeric orientation and the efficiency of charge mobility through all 
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the major neighboring face-to-face dimers present in the crystal structure. The dimer 

orientations can vary depending upon the relative shifts of the monomer units 

through the long (ΔL) or short axis (ΔS) of the molecule along with any possible 

changes in the intermolecular spacing (ds). 

TBA crystals belong to P21/n space group. The TBA derivatives adopted a 

columnar packing arrangement (Figure 4.A.2) promoted by various intermolecular 

contacts such as C–H···π, H···H, and π···π interactions. The stabilizing interactions in 

the TBA crystals along with their percentage contributions are probed in detail using 

Hirshfeld surface (HS) analysis (Table 4.A.1). The TBA derivatives are found to align 

in β-packing motif that is associated with columnar π···π-stacked construction (the ρ 

value ranged from 0.5 to 0.8).[204] The HS analysis revealed a dominating presence of 

H···H interaction in the packing of NTP, NTH, and TH, while the H···Br hydrogen-

bonding interaction predominantly affected the packing of BNTP. 

 

Figure. 4.A.1: Molecular structures of the winged TBA derivatives under study. 
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Figure 4.A.2: Columnar crystal packing of a) NTP, b) BNTP, c) NTH and d) TH. 

Table 4.A.1: Hirshfeld surface analysis of NTP, BNTP, NTH and TH. 

 % 

C···C 

% 

C···H 

% 

H···H 

% 

N···H 

% 

N···N 

% 

N···C 

% 

N···Br 

% 

C···Br 

% 

H···Br 

% 

Br···Br 
ρa  

NTP 22.9 14.5 49.4 7.4 0.6 5.1 -- -- -- -- 0.633 

BNTP 11.2 25.5 14.0 1.3 0.1 8.0 2.4 1.2   32.3 4.1 0.709 

NTH 23.2 18.1 47.7 6.0 1.3 3.7 -- -- -- -- 0.780 

TH 28.9 16.9 54.2 -- -- -- -- -- -- -- 0.584 

atotal percentage of intermolecular contacts is 100% in NTP, BNTP, NTH and TH.  

ρ= [(%C•••H)/(%C•••C)]. All fall under β packing motif [β (0.46< ρ<1.0)] 

The crystal packing of the NTP derivative that formed the model geometry and 

the nonbrominated analog, BNTP, contained a single uniquely oriented dimer, while 

in the cases of NTH and TH derivatives, two different face-to-face-oriented dimers 

existed (NTH-D1 and NTH-D2 and TH-D1 and TH-D2, respectively) (Figure 4.A.3). 

Close inspection of the stacking configuration of dimers in the TBA crystals showed 

that, among the winged polyacenes, BNTP dimer possessed the highest shift along the 

long axis (ΔL = 3.16 Å) of the molecule. The sizable ΔL value could be reasoned with 

the requirement of BNTP dimer to minimize the destabilization that can ensue due to  
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Figure 4.A.3: Dimers present in the crystal structures of (a) NTP, (b) BNTP, (c) NTH-D1, 

(d) NTH-D2, (e) TH-D1, and (f) TH-D2. 

the steric repulsion between the four-electron denser bromine atoms at the periphery. 

The long axis displacement in BNTP dimer also facilitated an inherent reduction in 

the electronic repulsion between the four core-substituted nitrogen atoms of each 

monomer unit to cause minimal shift along the short axis. Thus, the BNTP dimer 

possessed the shortest lateral displacement (ΔS) of 0.7 Å among the TBA derivatives 

(ΔS ranging from 1.03 to 2.07 Å) as the nitrogen atoms are not in proximity and steric 

crowding is minimized. The nonbrominated analog, NTP, did not showcase large long 

axis displacement (ΔL in NTP = 0.6 Å). However, the observed displacement of about 

1.4 Å of the NTP dimer along the short axis assisted in reducing possible repulsion 

between the core-substituted nitrogen atoms in each molecule. NTH-D1 exhibited the 

highest short axis displacement of 2.07 Å with zero shift along the long axis among 

the TBA derivatives, while the other energetically favorable dimer orientation in NTH 

1.42 Å

0.6 Å

2.07 Å

1.38 Å

1.23 Å

1.06 Å

1.03 Å

0.72 Å

3.16 Å

0.62 Å

a) b)
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f)

c)

e)

1.29 Å



Chapter 4 - Modulating Charge Transport through Chromophoric Modifications 
 

93 
 

crystal, NTH-D2, contained displacements along both the long and the short axes of 

the molecule (ΔL = 1.29 Å and ΔS = 1.04 Å, Figure 4.A.3). The dimer orientations in the 

TH crystal, TH-D1 and TH-D2, contained shifts along both the transverse and the 

longitudinal directions as depicted in Figure 4.A.3. The different dimer orientations 

show significant implications in the charge-transporting abilities of the TBA crystals 

which have been closely explored herein. 

The interplanar spacing between the crystalline dimers of TBA derivatives 

displayed prominent variations with respect to the type of substituent groups present 

in the aromatic core. Nitrogen atoms in the core system facilitated a decrease in the 

interchromophoric distance in NTP, BNTP, and NTH crystals with values of ds = 3.30–

3.51 Å when compared to nitrogen-deficient TH (ds = 3.54–3.55 Å). The observed 

difference in the interplanar spacing between nitrogen-doped and undoped 

derivatives emanated because of constriction in electron density toward the nitrogen 

centers.[205] Electrostatic surface potential (ESP) plots qualitatively substantiated the 

difference in the electron density distribution in the TBA derivatives (Figure 4.A.4). The 

ESP plots revealed high electron density regions, indicated in red, on the nitrogen 

centers of NTP, BNTP, and NTH. The shift in electron density to specific points  

 

Figure 4.A.4: Electrostatic surface potential plots of a) NTP, b) BNTP, c) NTH and d) TH. 

NTH TH
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(toward nitrogen centers) resulted in an uneven electron distribution with the 

aromatic π-surface becoming electron deficient (blue/green-colored regions) in the 

nitrogenated TBA analogs, while the all-carbon-containing TH derivative was 

associated with a uniform distribution of electron density over the aromatic core. The 

differential dispersal of electron density facilitated the columnar packing in NTP, 

BNTP, and NTH wherein N···C interaction reminiscent of a donor–acceptor-type 

bonding, stabilized the stacking orientations. The higher percentage of N···C 

interactions (NTP, BNTP, and NTH has 5.1%, 8.0%, and 3.7% of N···C interactions, 

respectively) aided the shortening of the interchromophoric distance in the TBA 

dimers as corroborated by the HS analysis, indicating the role of nitrogen doping in 

tuning the molecular packing arrangement. 

Symmetry-adapted perturbation theory (SAPT), one of the mainstream energy 

decomposition analysis (EDA) approaches in theoretical chemistry, provided a 

quantitative depiction of the counterbalancing intermolecular forces that favored 

closer dimer orientation in nitrogen-doped TBA derivatives when compared to the 

undoped TH dimers (Figure 4.A.5, Table 4.A.2). The electrostatic interaction energy 

factor in π–π stacked molecular systems originated because of the interaction between  

 

Figure 4.A.5: SAPT analysis of neighboring dimers in TBA crystals. 
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Table 4.A.2: Interaction energies in selected dimers of NTP, BNTP, NTH and TH determined 

by SAPT(0) analysis. 

Dimer 
Electrostatics 

(kJ/mol) 

Exchange 

(kJ/mol) 

Induction 

(kJ/mol) 

Dispersion  

(kJ/mol) 

SAPT0 

(kJ/mol) 

NTP -75.79 198.22 -17.85 -290.64 -186.06 

BNTP -83.99 206 -21.57 -304.93 -204.48 

NTH-D1 -81.32 200.60 -17.65  -317.87 -216.24 

NTH-D2 -60.04 165.88 -15.36 -301.50 -211.02 

TH-D1 -57.57 166.84 -16.30 -303.29 -210.32 

TH-D2 -54.98 165.68 -16.32 -305.59 -211.22 

the multipoles on each molecule. At short intermolecular distances the electrostatic 

interactions are largely associated with charge penetration effects[206],[207] (electron–

nuclear attraction between two different units) due to which better orbital overlap of 

the monomers could be achieved in a dimer. When the interplanar spacing between 

the individual moieties in a dimer becomes minimal, the improved orbital overlaps 

between the component units that facilitated efficient charge penetration 

consequently counteracted the destabilizing exchange repulsion between the nearby 

electron densities. Thus, the negative value of the electrostatic interaction obtained in 

the TBA dimers followed the order TH-D2 < TH-D1 < NTH-D2 < NTP < NTH-D1 < BNTP 

and were consistent with the trend observed with respect to the intermolecular 

spacing associated with the respective dimers (Figure 4.A.5, Table 4.A.3). For instance, 

BNTP dimer had the shortest intermolecular spacing and hence encompassed the 

highest exchange repulsion interaction with a value of around 206 kJ/mol. However, 

a stronger stabilizing contribution from the electrostatic interaction (−83.99 kJ/mol) 

counteracted the destabilizing effect of the exchange repulsion term, stabilizing the 

BNTP dimer. Hence, when compared to the nonbrominated NTP derivative (total 

interaction energy = −186.06 kJ/mol), the dimer arrangement of BNTP with a total 

energy of −204.48 kJ/mol was found to be more stable in the crystalline state. The high 

electrostatic interaction in BNTP dimer was also corroborated from the ESP plot  
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Table 4.A.3: Values showing relation of interplanar distance to the electrostatic and exchange 

interactions of the crystalline dimers. 

Dimer 
Interplanar spacing (ds) 

(Å) 

Electrostatics 

(kJ/mol) 

Exchange 

(kJ/mol) 

NTP 3.39 -75.79 198.22 

BNTP 3.30 -83.99 206 

NTH(D1) 3.40 -81.32 200.60 

NTH(D2) 3.51 -60.04 165.88 

TH(D1) 3.54 -57.57 166.84 

TH(D2) 3.55 -54.98 165.68 

wherein both nitrogen and bromine centers constricted the electron density toward 

nitrogen and bromine, resulting in an overall decrease in the π-electron cloud at the 

aromatic core (represented by the blue/green-colored region in BNTP, Figure 4.A.4). 

The most prevailing attractive interaction that stabilized the π–π-stacked TBA crystals 

was the dispersion interaction that occurred due to instantaneous charge fluctuations. 

Among the TBA crystals, BNTP, NTH-D2, and the two TH dimers exhibited similar 

dispersion interaction with values ranging from −301.50 to −305.59 kJ/mol. NTH-D1 

dimer with zero long axis displacement had the highest contribution from dispersion 

interaction to the total energy with a value of −317.87 kJ/mol, and NTP showed the 

least dispersion energy contribution with a value of −290.64 kJ/mol. The significance 

of interplanar spacing with regards to the charge-transporting abilities of self-

assembled organic chromophores has been well established in the literature to have 

an exponential relation between interplanar spacing and charge transfer 

coupling.[187]  

Within the hopping transport regime, proficiency of charge mobility in organic 

crystals is dependent on reorganization energy and charge transfer coupling.[208]–

[211] In this regard, both the electronic and the geometrical parameters of a molecule 

should have equivalent roles in defining the charge-transport abilities of the organic 

material. The nature of substituent moieties has a significant impact on the 
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reorganization energies of the molecule apart from modulating the crystalline packing 

through intermolecular interactions.[199] A small value for reorganization energy 

improves the feasibility of charge transport, reflecting the ease of a monomer to 

undergo oxidation (λh) or reduction (λe) during hole and electron transport, 

respectively.[212] The total reorganization energy during the migration of charges 

through an organic material is associated with an inner component owing to the 

chemical composition of the chromophore and an outer component resulting from the 

changes in the surrounding environment.[213] The outer reorganization energy of the 

TBA derivatives was not evaluated due to the meager contribution toward the total 

reorganization energy in the crystalline state in addition to the large computational 

cost involved.[214],[215] The calculation of reorganization energy of TBA derivatives 

(Table 4.A.4) for the transport of respective charge carriers (hole and electron) was 

performed in the Schrodinger material science suite by following an adiabatic 

potential energy surface (Figure 4.A.6). Comparable hole reorganization energies (λh) 

were observed for all TBA derivatives with values ranging from 0.082 to 0.099 eV, 

indicating similar geometry relaxation of the TBA derivatives upon oxidation. 

However, unlike the hole reorganization energy, electron reorganization energy of the 

all-carbon-containing TH derivative (λe = 0.105 eV) was observed to be even lower 

than the λe of NTP, BNTP and NTH derivatives (ranging from 0.163 to 0.184 eV). The 

lowest electron reorganization energy exhibited by TH among the TBA derivatives 

indicated the effect of core-substituted nitrogen atoms in implementing significant 

variations to the monomer geometries of NTP, BNTP, and NTH during the reduction 

process. The observed low reorganization energy values for both hole and electron 

transport in TH derivative makes it a prospective molecule to exhibit ambipolar 

charge-transporting characteristics. However, generalizing the charge-transport 

abilities solely based on the reorganization energy values is fallacious, considering the 

equally strong influence of the crystal-packing arrangement of the molecules.[216] 

Hence, a thorough understanding of both the electronic and the structural parameters  
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Table 4.A.4: Charge Transport Parameters of Different Dimers Present in the Crystal 

Structure and Reference Geometry of the TBA Derivatives.a 

adC = centroid distance; dS = interplanar spacing; ΔS = short axis displacement; ΔL = long axis 

displacement; λh = hole reorganization energy; λe = electron reorganization energy; Vh = HOMO charge 

transfer coupling; Ve = LUMO charge transfer coupling; D0 = cofacial dimers that have been 

computationally modified. 

 

Figure 4.A.6: Representative figure for the calculation of reorganization energy. 

of organic materials is essential as the interplay between both of these factors will 

determine the efficiency of charge carrier mobility in an organic molecule. The 
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(eV) 

NTP 3.770 3.396 1.424 0.600 
0.099 0.167 

0.040 0.144 

NTP(D0) 3.780 3.780 0 0 0.293 0.315 

BNTP 4.650 3.303 0.720 3.160 
0.093 0.184 

0.071 0.011 

BNTP(D0) 3.780 3.780 0 0 0.409 0.317 

NTH(D1) 3.850 3.402 2.070 0 

0.082 0.163 

0.185 0.172 

NTH(D2) 3.850 3.512 1.041 1.290 0.015 0.065 

NTH(D0) 3.780 3.780 0 0 0.331 0.338 

TH(D1) 3.860 3.548 1.386 0.620 

0.092 0.105 

0.010 0.213 

TH(D2) 3.860 3.552 1.057 1.230 0.156 0.014 

TH(D0) 3.780 3.780 0 0 0.325 0.406 
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interchromophoric electronic coupling has a close connection with the spatial 

orientation of interacting molecules aligned about the molecular long (ΔL) and short 

(ΔS) axes or with respect to the interplanar spacing (ds) in the involved dimers. The 

variation of electronic coupling along the interplanar axis of various organic crystals 

has a well-established exponential relationship,[54] and the same analysis in the case 

of TBA derivatives is out of the scope of this work. For a constant ds between the 

monomers in a dimer, the upper limit of the magnitude of charge transfer coupling as 

a consequence of molecular displacements along ΔL and ΔS is attained at the cofacial 

(D0,(ΔL,ΔS)=(0,0)) dimer orientation wherein the monomer π-conjugated backbones 

are perfectly aligned on top of each other. The maximal electronic coupling in the D0 

arrangement could be attributed to the constructive overlap (node-to-node) of the 

perfectly aligned molecular orbitals of each monomer units. The distribution of wave 

function in the HOMO and LUMO levels are dependent on the constituent substituent 

moieties in the molecule. The wave function distribution in the frontier molecular 

orbitals of the winged TBA polyacene monomers influenced by the substituent groups 

attached to the π-conjugated core is depicted in Figure 4.A.7. The electronic coupling 

of the HOMO levels (Vh) facilitates the transport of holes through the crystalline lattice 

while electron transport originates from the effective overlap of vacant LUMO levels 

(Ve).[217] Among TBA derivatives, bromine-substituted analog BNTP showed the 

highest coupling between the HOMO levels in the D0 arrangement (Table 4.A.4), 

analyzed at an interplanar spacing of 3.78 Å. The nonbrominated derivative NTP 

having the same π-conjugated core is associated with the least HOMO–HOMO 

coupling, thereby leading to the lowest hole-transporting characteristics amidst the 

TBA derivatives in the ideal D0 arrangement. The higher HOMO–HOMO coupling of 

BNTP (Vh = 0.409 eV), when compared to the NTP core (Vh = 0.293 eV), could be 

attributed to the presence of additional wave functions distributed over the four 

bromine atoms. Accordingly, the different behavior of the HOMO–HOMO overlap in 

BNTP (high Vh) and NTP (low Vh) signified the effect of peripheral bromine  
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Figure 4.A.7: Monomer FMOs of (a) NTP, (b) BNTP, (c) NTH, and (d) TH. 

substitutions in the extent of electronic coupling, unlike as was observed with respect 

to the reorganization energies of NTP and BNTP (similar values) previously. 

Nevertheless, the LUMO–LUMO coupling (Ve) that governs the electron mobility of 

the crystal was found to be analogous for NTP and BNTP wherein the Ve value was 

obtained as 0.315 eV in NTP and 0.317 eV in BNTP. The hole and electron transfer 

couplings of the cofacially stacked dimers of NTH and TH, having an extended π-

conjugated core, however, were observed to be contrasting with respect to each other. 

NTH showed a higher Vh of 0.331 eV (Vh = 0.325 eV in TH), while TH exhibited a higher 

Ve of 0.406 eV (Ve = 0.338 eV in NTH). NTP with no π-extension had the lowest Vh and 

Ve in comparison with NTH and TH. The complementary hole and electron transport 

characteristics in NTH and TH, respectively, implied the role of substituted nitrogen 

atoms at the core in altering the nature of the charge transfer coupling between the 

chromophores, while the extended π-conjugated aromatic core facilitated efficient 

charge transfer coupling compared to NTP. 

Spatial perturbation from the D0 arrangement directed along ΔL and ΔS of the 

closely associated chromophoric moieties significantly impacted the efficiency of 

charge transport with no definitive pattern for the electronic coupling variation unlike 

c)

b)
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the predicted exponential dependence relative to interplanar spacing. Bredas and co-

workers highlighted the irregularly periodic nature of the deviation in charge transfer 

coupling with respect to molecular displacements along either ΔL/ΔS axes.[54],[216] 

The evolution of charge transfer properties with changes in dimer orientation for a 

fixed interplanar spacing of the winged polyacenes are mapped out as a 2D contour 

color plot between the charge transfer coupling (Vh/Ve) and the slip-stacking 

displacement along the short (ΔS) and long axis (ΔL) of the respective molecules 

(Figures 4.A.8 and 4.A.9) The contour diagram (Figure 4.A.9) indicated a periodic 

dependence of electronic coupling with stacking displacements along ΔL/ΔS axes 

which highlighted the influence of nodal characteristic in the FMO structures of 

organic molecules as previously reported.[54] Due to the different extent of wave 

function overlap between the monomer units in a molecular stack at varying 

distances, the transport coupling fluctuated at each stacking positions.[218] In 

addition, the 2D contour plot featured stacking sequences reminiscent of the layered 

packing modes associated with graphite and graphite-like hydrocarbons such as AA, 

AA′, and AB (Figure 4.A.10).[219],[220] 

 

Figure 4.A.8: Representative figure showing the long (ΔL) and short axis (ΔS) displacements in NTP 

dimer. 
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Figure 4.A.9: Contour plots showing charge transfer coupling variation about long and short 

axis displacements of (a, b) NTP, (c, d) BNTP, (e, f) NTH, and (g, h) TH dimers with the hole 

transfer coupling maps represented in the left column (a, c, e, g) and electron transfer coupling 

maps in the right column (b, d, f, h). White flags with Arabic numerals designate graphitic-

like AB orientation, yellow flags with Roman numerals indicate AA′ orientation, while black 

triangles indicates graphitic AA packing sequence. 
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Figure 4.A.10: Graphitic AA’ and AB orientations of representative NTP dimer. 

Graphitic AA-stacking arrangement represents atom-on-atom orientations covering 

the ideal cofacial (D0) mode discussed previously. Associated with node-to-node 

molecular orbital overlap, the AA packing sequence favors charge transport. 

However, attaining a face-to-face crystalline arrangement realistically has been 

proven to be an arduous task owing to an upsurge in the electronic repulsion factor 

between the cofacial chromophores.[221] Thermodynamically more favored slip-

stacked layered arrangements include AA′ (defined by a long axis slip of half benzene 

hexagon from AA mode) and AB (with a short axis slip covering quarter benzene 

hexagon from AA′) type packing sequences. 

The 2D plot of hole transfer coupling in Figure 4.A.9a, c, e, and g shows a 

periodic trend with the crest (high HOMO–HOMO coupling) flanked by AB packing 

motifs denoting the onset of low hole transport regions (trough) along ΔL and ΔS 

displacements. From the molecular orbital distribution represented in Figure 4.A.8, it 

could be understood that the HOMO of NTP, BNTP, and TH is associated with a 

continuous nodal region longitudinally extending along the center of the π-

conjugated core. Due to the presence of this nodal region, a transversal (roll) 

displacement of the monomeric units of NTP, BNTP, and TH dimers could result in a 
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similar degree of orbital overlap which corroborated the analogous features (declining 

charge transfer coupling regions up to ΔS = 1.4 Å, i.e., AB-1 orientation) observed in 

the variation of hole transfer integral along the short axis as indicated in Figure 4.A.9a, 

b and d. Most of the AB-type dimers (1–4) in the 2D contour map of NTP, BNTP, and 

TH referred to lower hole transfer coupling orientations (Vh ≈ 0.04–0.2 eV). The AB 

packing motifs formulated by positions 1 and 3 in the hole transfer map of NTH 

(Figure 4.A.9e) showcased comparatively higher HOMO–HOMO coupling (Vh ≈ 0.4 

eV) than NTP, BNTP, and TH owing to the absence of central nodal regions in the 

HOMO energy level. Dimeric shifts along the long axis of TBA molecules also showed 

periodic variation in the HOMO–HOMO electronic coupling. AA′ motifs (I and II) 

attained by long axis displacement of the monomeric units of TBA occupied regions 

of low hole transfer integral (Vh ≈ 0.04–0.2 eV) compared to the corresponding AA 

arrangement (Vh ≈ 0.5–0.6 eV). BNTP dimer having an extension of electron density 

toward the peripheral positions effected better HOMO–HOMO coupling (Vh ≈ 0.30 

eV) at the AA′-I position than the accompanying TBA analogs. Hence, radial 

displacements from the two AA arrangements toward AA′ and AB packing sequences 

resulted in the decrease of hole transfer coupling because of the pattern of wave 

function distributed in the HOMO of the monomer TBA units, while the absence of 

longitudinal nodal region in the LUMO levels of TBA molecules extended the 

periodicity of LUMO–LUMO coupling to higher short axis displacements (Δs ≈ 2 Å). 

The AB packing motifs marked by points 1 and 3 in Figure 4.A.9b, d, f, and h however 

showcased greater electronic coupling in the TBA derivatives, promoting better 

electron transport (Ve ≈ 0.20–0.45 eV) compared to hole transport. Hence, AB packing 

positions at 1 and 3 could be convoluted as better electron conduits, whereas packing 

positions 2 and 4 with similar but lower electronic coupling for both hole and electron 

transport mirrored ambipolar charge-transport characteristics. 

Acquiring a more realistic picture, charge transfer coupling of the 

thermodynamically favorable dimer orientation (present in the crystal structure) of 
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NTP and BNTP could be well corroborated from the contour plot indicating 

submaximal efficiency for the orbital overlap at the orientations found in the 

crystalline lattice when compared to the cofacial packing mode. NTP crystalline 

dimers occupying position coordinates close to the AB arrangement (point 1) 

exhibited higher LUMO–LUMO coupling (Ve = 0.144 eV), facilitating better electron 

transport than hole transport (Vh = 0.040 eV). In bromine-substituted BNTP crystal the 

dimers existed in an orientation close to the AB-4 packing arrangement, facilitating 

lower extent of orbital coupling for both HOMO (Vh = 0.071 eV) and LUMO (Ve = 0.011 

eV) levels and thereby low hole and electron transport characteristics as a function of 

electronic coupling. Among the twin dimers in NTH crystal, NTH-D1 exhibited better 

overlap of the HOMO and LUMO orbitals (Vh = 0.185 eV, iVe = 0.172 eV) than NTH-D2 

dimer (Vh = 0.015 eV, Ve = 0.065 eV), wherein both dimers bordered the crest of the 

electronic coupling wave pattern. The difference in interplanar spacing of NTH-D1 

(3.40 Å) and NTH-D2 (3.51 Å) could have promoted the observed difference in the 

extent of orbital overlap, while the TH-D1 and TH-D2 dimers in TH crystal showcased 

opposing charge-transporting capabilities with TH-D1, supporting electron transport 

(Ve = 0.213 eV) compared to TH-D2 encompassing hole transport (Vh = 0.156 eV). The 

position of the NTH and TH dimers in the charge transfer coupling map indicated the 

greater efficiency of aromatic core expansion over peri-substitution in adopting a 

packing arrangement that enhanced the molecular orbital overlap nearing that of the 

AA motif. 

The columnar packing arrangement of TBA crystals accentuated the 

anisotropic charge-transporting phenomenon[222]–[224] in the crystals wherein the 

charge hopping acquired a directional dependency due to the differential electronic 

coupling between the neighboring stacks in different directions. The anisotropic 

nature of charge transport through the crystalline lattices also symbolized the close 

relationship between the efficiency of charge transfer and the relative positions of the 

interacting chromophores in the crystal. The anisotropic nature of the charge carrier 
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mobility of TBA crystals was calculated by taking the crystallographic a axis as the 

principal axis and ab plane as the reference plane. The principal axis chosen for the 

anisotropic mobility calculation was aligned parallel to the respective π–π stacking 

direction of each TBA molecular clusters. The transfer mobility of both hole and 

electron was detected at its peak along the π–π stacking direction (ϕ = 0°) (Figure 

4.A.11) of the TBA crystals since the face-to-face arrangement with short interplanar 

spacing induced large electronic coupling between the interacting chromophores. The 

minimal hole and electron mobility values observed at directions perpendicular to the 

π–π stacking in TBA crystals (ϕ = 90° and 270°) (Figure 4.A.11) indicated the less  

 

Figure 4.A.11: Anisotropic electron and hole mobility calculated for (a) NTP, (b) BNTP, (c) 

NTH, and (d) TH. Crystallographic a axis was taken as the principle axis, and ab plane is 

considered as the plane of interest, and projection of all hopping pathways to this plane was 

taken for calculation. 
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efficient electronic coupling between the neighboring columnar stacks. The charge 

transfer along the directions perpendicular to the π–π stacks of TBA crystals contained 

dimers which are not aligned in a face-to-face manner, thereby resulting in negligible 

charge transfer coupling. Since the overall charge mobility was small in NTP and 

BNTP (0.02–1.55 cm2 V–1 s–1, Table 4.A.5) when compared to NTH and TH crystals 

(2.28–8.82 cm2 V–1 s–1), plotting the angular dependency of the charge transport gave 

more conspicuous results in NTH and TH crystals when compared to that of NTP and 

BNTP crystals (Figure 4.A.11). The anisotropic plots of NTH and TH also emphasized 

the contrasting hole- and electron-transporting behaviors, respectively, showcased by 

the two crystals. NTH displayed the highest hole mobility (black trace in Figure 4.A.11 

along the π–π stacking direction, while TH showed reversed transport behavior with 

the highest electron mobility (red trace in Figure 4.A.11d) in the same direction. 

Significant mobility values for the electrons in NTH and holes in TH crystals in the 

respective anisotropy plots further emphasized the pronounced ambipolar charge-

transporting abilities in NTH and TH when compared to NTP and BNTP crystals. 

Table 4.A.5: Charge mobility of TBA derivatives. 

Crystal 
µh 

(cm2V-1s-1) 

µe 

(cm2V-1s-1) 

NTP 0.29 1.55 

BNTP 1.48 0.02 

NTH 8.82 2.28 

TH 5.32 8.11 

 

4.A.3. Conclusions 

Herein, quantum chemical calculations were exploited to determine the 

charge-transport characteristics of four tetrabenzoacene derivatives in their crystalline 

state by evaluating their reorganization energies and extent of electronic coupling 

between the neighboring molecular orbitals. The hole reorganization energy values of 
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the TBA derivatives were observed to be similar, while the electron reorganization 

energy was comparatively low in TH when compared to the nitrogen-doped TBA 

derivatives, NTP, BNTP, and NTH, implying the detrimental effect of nitrogen doping 

to facilitate feasible electron transport. Nonetheless, the equally strong influence of 

charge transfer coupling (dependent on the crystal packing arrangement of the 

molecules) ensured vibrant charge mobility characteristics in the TBA crystals. 

Nitrogen doping showcased yet another influential role in the TBA derivatives in 

reducing the interplanar spacing between the chromophoric units through a donor–

acceptor-type N···C interaction between each moiety. Electrostatic surface potential 

plots revealed the constriction of electron density toward the nitrogen centers to effect 

in electron-rich points and electron-deficient aromatic core, while the stability of the 

hence formed molecular stacks was corroborated using symmetry-adapted 

perturbation theory. Mapping the charge transfer coupling at different pitch and roll 

displacements of TBA dimers revealed the unconventional capability of highly slip-

stacked dimeric arrangements to exhibit efficient charge transport owing to the nature 

of the distribution of wave functions in the HOMO and LUMO orbitals of the TBA 

derivatives. The charge transfer coupling evaluated for the crystalline dimers of TBA 

analogs showed submaximal efficiencies than the ideal cofacial or graphitic AA 

packing arrangement. As demonstrated by the charge transfer coupling map, the 

decreased electronic coupling of NTP and BNTP crystals could be attributed to the 

packing orientation of the constituent dimers resembling the AB-type packing 

sequence in graphitic materials, while π-extended NTH and TH analogs having 

widely deviated packing from AB mode showed greater charge-transport efficiency 

due to an increased percentage of node–node overlap of the molecular orbitals. 

4.A.4. Materials and methods 

The computational approach adopted to calculate the charge-transport 

properties of TBA derivatives was based on the Jaguar[177] density functional theory 
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(DFT) model in the B3LYP/LAC3VP** level of theory from Schrodinger Materials 

Science Suite 2016-4.[225] The frontier molecular orbitals (FMOs) such as the highest 

occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals 

(LUMOs) of the TBA derivatives were evaluated at the DFT B3LYP/6-311G** level of 

theory using Gaussian-09.[178] Symmetry-adapted perturbation theory (SAPT(0)) 

calculations which allocated the total dimer interaction energies of TBA derivatives 

into the contributions of different noncovalent interaction energy parameters such as 

electrostatics, exchange, induction, and dispersion terms were performed using the 

Psi4 code[226] with the jun-cc-pvdz basis set. 
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PART B: Deciphering the Multifarious Charge-

Transport Behaviour of Crystalline Propeller-Shaped 

Triphenylamine Analogues 

 

Abstract 

A collection of para-substituted propeller-shaped triphenylamine (TPA) derivatives 

have been computationally investigated for charge-transport characteristics exhibited 

by the derivatives by using the Marcus–Hush formalism. The various substituents 

chosen herein, with features that range from electron withdrawing to electron 

donating in nature, play a key role in defining the reorganisation energy and electronic 

coupling properties of the TPA derivatives. The TPA moiety is expected to possess 

weak electronic coupling based on the poor orbital overlap upon aggregation, owing 

to the restriction imposed by the propeller shape of the TPA core. However, the 

substituent groups attached to the TPA core can significantly dictate the crystal-

packing motif of the TPA derivatives, wherein the variety of noncovalent 

intermolecular interactions subsequently generated drive the packing arrangement 

and influence electronic coupling between the neighbouring orbitals. Intermolecular 

interactions in the crystalline architecture of TPA derivatives were probed by using 

Hirshfeld and quantum theory of atoms-in-molecules techniques. Furthermore, 

symmetry-adapted perturbation theory analysis of the TPA analogues has revealed 
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that a periodic arrangement of energetically stable dimers with significant electronic 

coupling is essential to contribute high charge-carrier mobility to the overall crystal. 
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4.B.1. Introduction 

Interest in the field of organic semiconductors has burgeoned over the past few 

decades, with regard to their potential applications as organic displays, organic light-

emitting diodes (OLEDs),[227],[228] organic field-effect transistors (OFETs)[229],[230] 

and photodetectors.[3],[231] The electrical and optical performances of the 

optoelectronic devices rely on the efficient charge-transporting capabilities of the 

carrier organic materials contained in the devices. The process of crystallisation is one 

method for regulating the charge-carrier characteristics of organic materials because 

molecular ordering and the packing arrangement of the molecules in crystals play a 

huge role in modulating the charge-transport abilities.[232] The crystalline 

architectures that encompass higher degrees of intermolecular orbital overlap 

enhance the mobility of charges throughout the organic charge 

transporters.[31],[197],[203],[233]–[235] The propeller-shaped triphenylamine (TPA) 

core has gained immense interest in OLEDs, owing to good thermal stability, a high 

glass transition temperature, and efficient hole-transporting ability coupled with low 

ionisation potential.[236]–[241] Functionalisation of the TPA molecule would result in 

diverse crystalline packing arrangements,[242] which, in turn, could fine-tune the 

optoelectronic properties of the core TPA moiety by enhancing the π–π interorbital 

interaction between phenyl rings.[232] Thus, a thorough understanding of the 

interconnection between the molecular structure, packing arrangement and transport 

properties is indispensable in designing efficient and economical organic materials 

that are pertinent for optoelectronic devices.[187],[190]  

Herein, we have attempted to perform a comprehensive computational 

evaluation of the charge-transport characteristics of a collection of crystalline para-

substituted TPA analogues. Different substituents that vary from electron 

withdrawing to electron donating in character, upon attachment to the TPA moiety at 

the -para positions, result in multifarious packing motifs and charge-transport abilities 
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among the derivatives. In general, the carrier-transport properties of organic 

molecules are mostly evaluated by using band theory (coherent mechanism), which is 

suitable for low-temperature conditions, and the hopping mechanism (incoherent 

mechanism), which is suitable for high-temperature conditions.[241],[243] Herein, we 

have computed non-adiabatic charge transfer between two neighbouring molecules 

in the TPA analogues in the hopping regime. The rate of charge transfer evaluated in 

the hopping regime predominantly depends upon the reorganisation energy, λ, and 

charge-transfer integral, V.[205],[244],[245] Although there have been reports in the 

past on the correlation of reorganisation energy with the overall charge-transport 

abilities of various TPA derivatives by using computationally generated 

geometries,[236] a complete assessment by utilising the existing crystalline TPA 

motifs to correlate the reorganisation energy, electronic coupling and transport 

properties is still in demand. Figure 4.B.1 shows the TPA derivatives evaluated herein. 

The TPA analogue containing BO2C6H12 as the substituent moiety was synthesised and 

crystallised in our laboratory, whereas the crystal structures of the remaining TPA 

derivatives were accessed from the Cambridge Structural Database (CSD).  

 

Figure 4.B.1: Derivatives of TPA: a) TCN, b) TNO2, c) TPh, d) TCOOH, e) TCOMe, f) TI, 

g) TBr, h) TH, i) TCH3, j) TCH2OH and k) TB. 
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4.B.2. Results and Discussion 

A single molecule of TPA is C3 symmetrical and propeller-shaped, owing to the 

sp3-nitrogen core, which is predicted to have a low carrier mobility due to the lower 

extent of orbital overlap expected between the non-planar phenyl rings of TPA upon 

aggregation. However, despite the non-planar shape, the substituent groups present 

in the TPA moiety can contribute to a wide range of interactions in the crystals, 

eventually leading to different packing motifs. This facilitates tuning of the charge-

carrier mobility of a crystal, along with the reorganisation energy of the molecule. 

Gescheidt and co-workers paved the way to understanding the effect of the 

substitution on the reorganisation energy of TPA analogues by undertaking a 

theoretical analysis with computationally generated structures of various TPA 

derivatives.[236] However, according to Marcus theory, the mobility of charge carriers 

in organic crystals relies on both intramolecular reorganisation energy (λ) and the 

charge-transfer integral (electronic coupling, V) between the molecules. Therefore, 

herein we attempt to expound on the effect of the substituent on the charge-carrier 

ability of crystalline TPA derivatives by probing both the reorganisation energy and 

electronic coupling of molecules in their crystalline geometry.  

The crystallographic information files (.cif) of propeller-shaped TPA 

derivatives, except TB, were extracted from CSD version 5.38 by using ConQuest 1.19 

as the search engine. Qualitative single-crystal analysis of TB, which was synthesised 

and crystallised in our laboratory, revealed an orthorhombic crystal system in the Pbca 

space group (Tables B.C.1 and B.C.2 in Appendix). Subtle non-covalent interactions, 

such as C−H⋅⋅⋅π, π–π, H⋅⋅⋅H, dihalogen and hydrogen-bonding interactions, 

predominantly directed the crystalline packing of TPA derivatives, thereby leading to 

the eclectic range of properties exhibited by the crystals. In addition, TPA derivatives 

possessed many other remarkable interactions, which resulted in the crystal-packing 

arrangement of the series of TPA derivatives analysed herein. 
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In detail, the crystal packing of TCN and TNO2 crystals comprised of a wave-

like arrangement of molecules extending along the a axis (Figure 4.B.2). Whereas the 

C−H⋅⋅⋅π interaction (dC−H⋅⋅⋅π=2.79 Å) alone contributed to the wave-like packing in 

TNO2, an interplay of both C−H⋅⋅⋅π and N−C⋅⋅⋅π (dC−H⋅⋅⋅π=2.85 Å and dN−C⋅⋅⋅π=3.27 Å) 

interactions directed the crystal packing of TCN. In addition, weak C−H⋅⋅⋅O 

hydrogen-bonding interactions (dC−H⋅⋅⋅O=2.50, 2.56 and 2.60 Å) also influenced the 

crystalline packing of TNO2. In the TCOMe crystal, C−H⋅⋅⋅π (dC−H⋅⋅⋅π=2.71, 2.82 and 2.85 

Å) and C−H⋅⋅⋅O (dC−H⋅⋅⋅O=2.67 Å) interactions resulted in a wave-like packing 

arrangement, which was directed along the c axis (Figure 4.B.2).[246] The crystal 

structure of halogen-substituted TPA derivatives, TBr and TI, were marked by a wave 

extending along the b and c axes, respectively (Figures 4.B.2 and 4.B.3). C−H⋅⋅⋅π 

interactions (dC−H⋅⋅⋅π=2.87 and 2.82 Å) contributed to the crystal packing in TI, whereas 

diverse interactions, such as C−H⋅⋅⋅π (dC−H⋅⋅⋅π=2.80, 2.68 and 2.80 Å), C−Br⋅⋅⋅π 

(dC−Br⋅⋅⋅π=3.46 Å), Br⋅⋅⋅H (dBr⋅⋅⋅H=2.96 Å) and a Br⋅⋅⋅Br dihalogen interaction (dBr⋅⋅⋅Br=3.52 

Å) aided in the crystal packing of TBr. The intermolecular interactions that governed 

the crystalline packing of TCH3 and TH  

 

Figure 4.B.2: Wave-like crystalline-packing arrangements of a) TCN, b) TNO2, c) TBr and 

d) TCOMe. 
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Figure 4.B.3: Crystal packing diagrams of a) TCOOH, b) TCH2OH, c) TB, d) TCH3, e) TPh, 

f) TH and g) TI. 

included C−H⋅⋅⋅π (dC−H⋅⋅⋅π=2.88 and 2.87 Å) and H⋅⋅⋅H interactions (ranging from 2.34 

to 2.60 Å), whereas C−H⋅⋅⋅π noncovalent interactions at distances of 2.79 and 2.87 Å 

facilitated the crystal-packing arrangement in TPh (Figure 4.B.3).[247] The presence of 
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boron atoms introduced intermolecular B⋅⋅⋅H interactions into the TB crystal 

(dB⋅⋅⋅H=2.95 Å), which influenced the crystal packing of TB. C−H⋅⋅⋅π and H⋅⋅⋅H 

interactions, along with hydrogen-bonding interactions, operating at distances of 1.87, 

2.72 and 2.34 Å, respectively, directed the crystal packing of TCH2OH (Figure 

4.B.4).[248] Interestingly, crystal structure analysis of TCOOH revealed the presence 

of voids (approximate volume 600 Å3) in the crystal (Figure 4.B.4); an effect of strong 

cyclic hydrogen-bonding interactions (dO⋅⋅⋅H=1.77 Å), which resulted in a network 

arrangement.[249] The cyclic hydrogen-bonding interaction was found to be a 

characteristic property of the TCOOH crystal, and it is possible that the absence of 

such cyclic hydrogen-bonding interactions in the TCH2OH derivative might have 

resulted in the lack of voids of large volume in the TCH2OH crystal. C−H⋅⋅⋅O non-

classical hydrogen bonding (dC−H⋅⋅⋅O=2.54 Å), C−H⋅⋅⋅π (dC−H⋅⋅⋅π=2.74 Å) and O−H⋅⋅⋅C 

(dO−H⋅⋅⋅C=2.67 Å) are the other major interactions that contribute to the overall packing 

of the TCOOH crystal. No discernible wave-like pattern could be observed in crystals 

of hydrogen-bonded (TCOOH and TCH2OH) and hydrocarbon-substituted (TCH3 

and TPh) TPA derivatives, in addition to TB and TH crystals. The prominent wave-

like pattern of molecules in TPA crystals implicate a well-ordered and patterned 

arrangement of nonplanar TPA derivatives. 

 

Figure 4.B.4: Shows the voids present in TCOOH crystal formed due to the cyclic hydrogen 

bonds. 
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Hirshfeld surface (HS) analysis, which is a remarkable method to explore the 

packing modes and intermolecular interactions in molecular crystals by using 

partitioning of crystal space, was carried out to quantify the weak intermolecular 

interactions present in the TPA derivatives (Figure 4.B.5).[124],[250],[251] Different 

packing modes of a molecular crystal, as defined by the ρ (ratio of %C⋅⋅⋅H to %C⋅⋅⋅C 

interactions) values in HS analysis, include herringbone (ρ>4.5), sandwich 

herringbone (3.2<ρ<4.0), gamma (γ) (1.2<ρ<2.7), and β (0.46<ρ<1.0) type packing 

arrangements.[252] The studied TPA derivatives, with the exception of TCN, TNO2 

and TCOMe, have ρ values in the range of about 8–73, which is indicative of a 

herringbone packing motif (face-to-edge-type packing arrangement). TCN (ρ=1.80) 

and TNO2 (ρ=2.03) derivatives have ρ values indicating the gamma packing 

arrangement (face-to-face packing arrangement), whereas the ρ value of TCOMe 

(ρ=4.42) falls in the range expected for a sandwich herringbone type packing motif. 

An increase in the percentage of C⋅⋅⋅C contacts, resulting in the concomitant 

transformation from herringbone- to gamma-type packing, was observed with a 

corresponding increase in the electron-withdrawing nature of the substituent group 

attached to the TPA moiety. The observed increment in C⋅⋅⋅C contacts could be 

attributed to decreased electron density on the phenyl rings of TPA derivatives  

 

Figure 4.B.5: Stacked bar plot of HS analyses (left) and ρ values of derivatives of TPA 

calculated from analysis of 2D fingerprint plots (right). 
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substituted with electron-withdrawing groups, which, in turn, would enhance the 

scope of face-to-face arrangement (π–π stacking) in the crystals. Improved π stacking 

with an increase in %C⋅⋅⋅C contacts is evident in TCN and TNO2 derivatives, wherein 

one out of the three phenyl rings of each TPA moiety are aligned face to face with 

another phenyl ring of the adjacent molecule. Separations between phenyl rings 

aligned in this way are 4.70 and 4.89 Å in TCN and TNO2 derivatives, respectively. 

N⋅⋅⋅H interactions (41.2 %), along with C⋅⋅⋅H (19.9 %), C⋅⋅⋅C (11.1 %) and H⋅⋅⋅H (25.9 %) 

interactions, dictated the packing of TCN, whereas TNO2 crystal packing was 

determined by C⋅⋅⋅C (5.6 %), C⋅⋅⋅H (11.4 %), H⋅⋅⋅H (16.3 %), C⋅⋅⋅N (2.7 %), N⋅⋅⋅H (3.5 %), 

C⋅⋅⋅O (3.6 %) and N⋅⋅⋅O (1.9 %) interactions. The acetyl group is less electron 

withdrawing in nature, relative to cyano and nitro groups, so the ρ value of TCOMe 

crystal increases to 4.42, with a decrease in %C⋅⋅⋅C interactions compared with those 

of TCN and TNO2 crystals. Additionally, H⋅⋅⋅H (51 %) and C−O⋅⋅⋅H (23.6 %) 

interactions also contributed to the total HS of TCOMe. Fingerprint plots of TH, TPh, 

TB and TCH3 revealed the presence of C⋅⋅⋅C, C−H⋅⋅⋅π and H⋅⋅⋅H interactions in the 

range of 0.6–1.1 %, 13.1–41.6 %, and 57.8–75.8 %, respectively. Moreover, B⋅⋅⋅H (1.9 %) 

and O⋅⋅⋅H (8.7 %) interactions also contributed to the HS of TB. HS analysis indicated 

the presence of Br⋅⋅⋅Br and I⋅⋅⋅I dihalogen interactions in TBr and TI crystals, 

respectively. Furthermore, C⋅⋅⋅C (2.7 and 0.4 %), C⋅⋅⋅H (21.6 and 13.7 %), H⋅⋅⋅H (28 and 

33.6 %) and X⋅⋅⋅H (X=Br and I, 38.9 and 34.6 %) interactions also influenced the 

crystalline packing of TBr and TI derivatives. TCOOH with 2.9 % C⋅⋅⋅C contacts and 

15.7 % C⋅⋅⋅H contacts resulted in a ρ value of 5.41. Hydrogen-bonding interactions 

contributed to 37.3 % of the total HS in TCOOH and 14.8 % in TCH2OH. Interestingly, 

analysis of the TCH2OH crystal revealed no C⋅⋅⋅C contacts; hence the ρ value 

converged to infinity.  

The charge-transport characteristics of the TPA crystals were investigated by 

employing first-principles quantum mechanical calculations through the method 

established by Goddard and Deng.[253] Marcus theory expresses the rate of charge 
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transfer between molecules in terms of the coupling matrix element and 

reorganisation energy of the molecule. Electronic coupling between the molecular 

orbitals and reorganisation energy of individual molecules are the major factors that 

affect the charge-transport properties. The functional groups on the TPA molecule 

alter molecular vibrations, so that the reorganisation energy will be affected.[55] The 

electrostatic surface potential (ESP) was generated at the B3LYP/6-311G+(d,p) level of 

theory to gain further insight into the effect of substituent groups by qualitatively 

providing a picture of the electron density distribution in the TPA derivatives (Figure 

4.B.6). Electropositive and electronegative regions of the ESP surfaces are represented 

in blue and red, respectively, in the ESP plots. The transformation of phenyl rings from 

electron rich to electron deficient in nature was observed with increasing electron-

withdrawing ability of substituent groups attached to the TPA moiety. For instance, 

the phenyl rings of TCN are blue, whereas the TPh phenyl rings are red in Figure 

4.B.6. 

 

Figure 4.B.6: ESP surfaces of a) TCN, b) TNO2, c) TBr, d) TI, e) TCOMe, f) TCOOH, g) 

TCH2OH, h) TCH3, i) TB, j) TH and k) TPh. 
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QTAIM analysis offered further insights into noteworthy intermolecular 

interactions that defined the packing arrangement of molecules in the TPA crystals 

(Figures 4.B.7 and 4.B.8). TPA derivatives that displayed distinct intermolecular 

interactions in the crystal-packing arrangement (obtained from HS analysis) were 

chosen for QTAIM analysis. Bond critical points (BCP) and bond paths (BP) were 

determined while performing QTAIM calculations and the positive electron density 

at BCP confirmed the existence of short contacts between interacting atoms in the TPA 

molecules. TCOMe displayed several intermolecular C−H⋅⋅⋅O short contacts in the 

range of 2.67–6.56 Å, with varying electron densities. QTAIM analysis of TCOOH 

demonstrated the existence of an O⋅⋅⋅C interaction at a distance of 3.11 Å and an O⋅⋅⋅O 

interaction at a distance of 3.24 Å. To probe the nature of the O⋅⋅⋅O interaction in 

TCOOH, the Pendas interacting quantum atoms (IQA) analysis[254]–[256] was 

performed on the derivative. The net interaction energy, EIQA, obtained from the IQA 

analysis determines whether the interaction is repulsive or attractive. The EIQA value 

obtained from the IQA analysis of TCOOH revealed the destabilising nature of the 

O⋅⋅⋅O interaction (Table 4.B.1).[257] Strong hydrogen bonding between oxygen and 

hydrogen atoms at a distance of 1.77 Å, with a high electron density value of 0.25 a.u. 

at the BCP, was identified in TCOOH, whereas weaker acyclic hydrogen bonding was 

found to exist in the TCH2OH crystal, at a distance of 1.87 Å with a relatively reduced 

electron density of 0.18 a.u. at the BCP.  

 

Figure 4.B.7: Quantum theory of atoms-in-molecules (QTAIM) images of a) D1 of TCN, b) 

D of TCOOH and c) TCH3. 
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Figure 4.B.8: QTAIM images of a) D2 of TCN, b) TNO2, c) TCOOH, d) TBr, e) TPh and f) 

TCH2OH.  

QTAIM analysis of the TBr crystal revealed a Br⋅⋅⋅Br dihalogen interaction at 3.52 Å. 

The Br⋅⋅⋅Br interaction was found to be attractive in terms of EIQA energy (Table 4.B.1), 

and was observed to constitute type II dihalogen bonding. Dihalogen interactions are 

classified into type I (if θ1=θ2) and type II (if θ1=90° and θ2=180°) classes based upon 

the interacting angles, θ1 and θ2, and generally the dihalogen interactions falling into  
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Table 4.B.1: Results of IQA analyses 

EIQA(A,B) = Vne(A,B) + Ven(A,B) + Vee(A,B) + Vnn(A,B) in kJ/mol. Vne(A,B) = attraction energy between nucleus 

of atom A and electron density distribution of atom B in kJ/mol. Ven(A,B) = attraction energy between electron 

density distribution of atom A and nucleus of atom B in kJ/mol. Vee(A,B) = two electron interaction energy between 

atom A and atom B in kJ/mol. Vnn(A,B) = repulsion energy between nucleus of atom A and nucleus of atom B in 

kJ/mol. VeeC(A,B) = coulomb part of Vee(A,B) in kJ/mol. VeeX(A,B) = exchange correlation part of  Vee(A,B) in 

kJ/mol. 

the type II category are rarely observed among halogen-containing crystals.[28],[258] 

The ESP surface generated for TBr unveiled a sigma hole on bromine, which further 

substantiated the presence of type II halogen-bonding interactions in the TBr crystal. 

C−H⋅⋅⋅Br weak hydrogen bonding at 3.07 Å and a π⋅⋅⋅Br halogen-bonding interaction 

at 3.66 Å are the other interactions observed in the TBr crystal. In contrast, the TI 

crystal did not exhibit any halogen-bonding interactions, in spite of a prominent sigma 

hole being observed on iodine in the ESP surface.  

QTAIM analysis of TCN revealed the existence of intramolecular C⋅⋅⋅C 

interactions between two phenyl rings of the TCN molecule at a short distance of 2.98 

Å, with a substantial positive electron density of 0.077 a.u. at BCP. The gamma-type 

packing arrangement established two different kinds of dimers, which characterises 

the crystal packing in both TCN (Figure 4.B.9) and TNO2. The presence of O⋅⋅⋅N short 

contacts (dN⋅⋅⋅O=3.47 Å) with an electron density of 0.024 a.u. and N⋅⋅⋅C interactions at 

a distance of 3.26 Å (ρ=0.034 a.u.) were identified in the TNO2 crystal. Moreover, 

C−H⋅⋅⋅N weak hydrogen bonding was also observed in the TNO2 crystal, operating at 

a distance of 2.60 Å and with an electron density of 0.043 a.u. QTAIM analysis was 

performed separately on the two different kind of dimers of TCN, with an 

Interaction EIQA(A,B) Vne(A,B) Ven(A,B) Vee(A,B) Vnn(A,B) VeeC(A,B) VeeX(A,B) 

Br•••Br 

(TBr) 

-1.91×10-2 -1.842×101 -1.842×101 1.844×101 1.821×101 1.844×101 -1.474×10-2 

O•••O 

(TCOOH) 

4.76×10-2 -2.945 -2.951 3.345 2.598 3.345 -2.376×10-1 

C•••H 

(TCH3) 

-9,51×10-3 -1.548 -1.908 1.893 1.554 1.903 -9.753×10-3 

C•••C 

(TCH3) 

3.06×10-4 -1.187 -9.413×10-1 1.190 9.385×10-1 1.190 -5.240×10-4 
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intermolecular distance of 9.35 (D1) and 7.11 Å (D2) between the centroids of 

monomers (Figure 4.B.9).[259] D1 and D2 of TCN derivatives both contained C−N⋅⋅⋅π 

and C−H⋅⋅⋅N interactions at distances of 3.43–3.90 and 2.77–3.88 Å,  

 

Figure 4.B.9: a) Structures of dimers 1 (D1) and 2 (D2) that constitute the crystalline-packing 

motif of TCN. Overlap between the phenyl rings of b) D1 and c) D2. 

respectively. QTAIM analysis revealed a π–π intermolecular interaction at a distance 

of 3.76 Å in D1 (Figure 4.B.7), whereas the intermolecular π–π interaction was absent 

in D2. The presence of intermolecular π–π interactions in D1 substantiated the 

considerable contribution of D1 to the establishment of gamma packing in the TCN 

crystal. Crystal-structure analyses revealed that, out of all of the diverse 

intermolecular interactions that governed the packing arrangement of TPA crystals, 

π–π non-covalent interactions predominantly facilitated the characteristic gamma 

packing motif of TCN and TNO2 crystals among the TPA derivatives. The key role 

played by the π–π interactions in TCN and TNO2 can be attributed to the high 

electron-withdrawing nature of the CN and NO2 moieties in comparison with the 

remaining units contained in the TPA derivatives. The gamma packing arrangement 

thus preferred in TCN and TNO2 has profusely affected the charge-transport 
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characteristics of TCN and TNO2, among all TPA derivatives, owing to the improved 

overlap of molecular orbitals contained in the phenyl rings.  

The overall charge-transport characteristics of the TPA crystals were evaluated 

by employing the Marcus–Hush formalism, and the results are presented in Figure 

4.B.10 and Table 4.B.2. Generally, TPA crystals are classified as hole transporters and, 

among the series of TPA derivatives considered, TCN, TCOOH and TCH3 exhibited 

significant hole-transport characteristics. The electron mobility values of the TPA 

derivatives studied were found to be low relative to the hole mobility. The 

halogenated TPA derivatives, TBr and TI, have a high hole reorganisation energy that, 

if coupled with a herringbone packing arrangement, proved to be detrimental for 

efficient hole-transport properties. Furthermore, TB, TPh and TCH2OH showcase 

comparatively low hole mobility due to the high hole reorganisation energy, along 

with a low intermolecular coupling ability. Hence, regardless of having a wide variety 

of intermolecular interactions, suitable crystal packing for an efficient hole-

transporting nature could not be achieved by the above-mentioned TPA derivatives 

(TBr, TI, TB, TPh and TCH2OH), and hence, showed insignificant hole mobility 

compared with that of TCN, TCOOH and TCH3. Despite having a favourable  

 

Figure 4.B.10: Graphical representation of hole and electron mobility of TPA derivatives 
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Table 4.B.2: Results obtained from mobility calculations performed on the TPA derivatives 

based on Marcus theory of charge-transfer rates.[a] 

λh = hole reorganization energy; λe = electron reorganization energy, Vh = highest HOMO charge 

transfer coupling; Ve = highest LUMO charge transfer coupling, kh = highest hole hopping rate; ke= 

highest electron hopping rate, μh = hole mobility; μe = electron mobility. 

sandwich herringbone and gamma-type packing arrangement, TCOMe and TNO2 

crystals, respectively, showcased a low hole transporting capability, as a result of a 

significantly higher hole reorganisation energy. TCN possessed the highest hole 

mobility among the TPA derivatives, which could be a consequence of both the 

gamma-type packing arrangement and very low value for the hole reorganisation 

energy (0.073 eV). Generally, functional groups attached to the parent molecule 

increase the reorganisation energy by providing a greater number of molecular 

vibrational modes.[212],[260] However, earlier theoretical works demonstrated that 

the substitution of a cyano group was an exception, and considerably reduced the 

internal reorganisation energy of a molecule.[55],[261] In addition, cyanation 

Molecule 
λh 

(eV) 

λe 

(eV) 

Vh 

(eV) 

Ve 

(eV) 

kh 

(s-1, ×1013) 

ke 

(s-1, ×1013) 

μh 

(cm2 V-1 s-1) 

μe 

(cm2 V-1 s-1) 

TCN 0.073 0.174 0.054 0.042 9.081 2.291 4.67 6.02×10-1 

TNO2 0.125 0.290 0.037 0.045 2.176 0.503 7.93×10-1 6.47×10-1 

TCOMe 0.138 0.323 0.031 0.041 1.154 0.198 4.65×10-1 1.84×10-1 

TCOOH 0.150 0.315 0.084 0.083 4.844 1.015 3.29 2.53×10-1 

TBr 0.129 2.74 0.066 0.150 5.842 0.001 6.66×10-1 1.09×10-11 

TCH3 0.123 0.338 0.057 0.067 3.852 0.385 2.54 6.85×10-2 

TI 0.114 1.18 0.014 0.095 0.378 0.002 7.70×10-2 2.05×10-5 

TB 0.179 0.368 0.001 0.052 0.002 0.316 1.77×10-3 5.49×10-2 

TPh 0.125 0.262 0.007 0.059 0.078 0.922 2.04×10-2 4.23×10-1 

TH 0.099 0.109 0.009 0.028 1.398 0.040 5.43×10-1 1.38×10-1 

TCH2OH 0.383 0.164 0.016 0.026 0.019 0.629 6.01×10-3 2.01×10-1 
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increased electronic coupling between neighbouring molecules by promoting π-

stacking between them. Major contributing dimers of TCN for charge transport are 

shown in Figure 4.B.9. Interestingly, a 1D hole-transporting pathway with an 

exceptional hole mobility of 15.3 cm2 V−1 s−1 was observed for TCN by extending the 

dimer, D1 (explained in the section on QTAIM analysis), along the c axis (Figure 

4.B.11). Attaining a highly conducting 1D charge-transport pathway is favourable in 

the development of efficient optoelectronic devices. The fabrication of an extended 

system constituted by monomer D1 has resulted in the development of a 1D hole-

transporting pathway, thereby bestowing significant transport properties on the TCN 

crystal.[262] In organic semiconductors, the charge-transport characteristics are 

affected by the extent of overlap between the corresponding molecular orbitals of 

neighbouring molecules. The hole mobility across an organic crystal is determined by 

the degree of overlap between the HOMOs of adjacent molecules, whereas the overlap 

of corresponding LUMOs profoundly affect the electron mobility of the 

crystal.[217],[263]  

Hence, to better explain the charge-carrier abilities of the TCN molecule, 

frontier molecular orbital (FMO) analysis of the TPA derivative was performed by 

using the B3LYP/6-311G+(d,p) basis set. FMO analysis revealed a uniform distribution  

 

Figure 4.B.11: a) 1-D hole transporting pathway of TCN crystal; b) HOMO and c) LUMO 

orbitals of TCN (Surfaces are at isovalue of 0.02 e/Å3). 
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of electron density over the three phenyl rings of the TPA moiety in the HOMO of 

TCN derivative (Figure 4.B.11). Consequently, upon extending the TCN molecule 

along the c axis, efficient overlap of the HOMOs between the phenyl rings of adjacent 

molecules was observed; this possibly played a key role in generating a 1D hole-

transport pathway of high hole mobility. However, the LUMOs are constituted by an 

asymmetric distribution of electrons, and the electron density is concentrated on only 

one of the three phenyl rings of the TPA moiety in TCN. Thus, in contrast to the hole-

transporting ability of TCN, the electron-transport characteristics are comparatively 

inefficient because the asymmetric distribution of electron density over the phenyl 

rings in the LUMO would ensure quality overlap with only one of the immediate 

neighbours. Hence, the extension of D1 or D2 cannot generate a 1D electron-

transporting pathway in the TCN derivative. Dimers D1 and D2 of TCN, which 

resulted from the gamma packing motif, are different in terms of the contribution 

towards charge-transfer coupling. To understand the relationship between the 

stability of the dimers and the observed mobility of the constituent dimers of TCN, 

symmetry-adapted perturbation theory (SAPT) analysis[98],[125] was employed 

(Table 4.B.3). SAPT analysis offered a quantitative picture by determining the total 

interaction energy of dimers, along with the physical contributions in stabilising the 

dimers, such as electrostatics, induction, dispersion and exchange energies (unlike the 

qualitative data obtained from ESP). A more negative SAPT(0) energy obtained for D1 

indicated greater stability of D1 over that of D2 in TCN. The electrostatic contribution 

to stability was much more pronounced in D1 than that in D2, which was consistent 

with the presence of π–π intermolecular interactions in D1 obtained from QTAIM 

analysis.[264] Because of the small separation between the monomers of D2, the 

contribution of dispersion energy dominated in stabilising D2. Thus, the dimer 

contributing more to gamma packing and with greater charge-transfer coupling, D1, 

was found to be more stable.  
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 Table 4.B.3: Results obtained from SAPT(0) analyses.[a] 

[a]d = Dimer separation; Ee = Electrostatic energy in kJ/mol; Ei = Induction energy in kJ/mol; Ed = 

Dispersion energy in kJ/mol; Eex = Exchange energy in kJ/mol; Et = Total SAPT(0) energy in kJ/mol. 

Because the TCN derivative possesses high hole mobility among all TPA derivatives 

with a gamma-type packing arrangement, anisotropic mobility 

calculations[222],[265],[266] were performed on TCN to understand the angular 

variation of mobility for both holes and electrons along the a*c* plane of TCN. The 

calculated anisotropic hole mobility reaches a maximum of 6.284 cm2 V−1 s−1 along the 

directions Φ=160 and 340°, whereas a minimum hole mobility value of 0.818 cm2 V−1 s−1 

was obtained along the directions of Φ=50 and 250° (Figure 4.B.12). Hence, the TCN 

crystal has an anisotropy (ratio of highest to lowest hole mobility) of 7.68 along the ac 

plane, which implies that the effective mobility displayed by the crystal upon use in 

OFETs would vary significantly with the orientation of the crystal with the transistor 

channel. The maximum hole mobility is observed along the crystallographic c axis, 

which corresponds to the direction of extension of dimer D1. Due to the additional 

hole mobility contributions from neighbouring molecules oriented in other directions 

to the D1 extension channel, the maximum anisotropic mobility value is not 

comparable with the obtained 1D hole mobility value. The minimum value has been 

observed along the a axis, which is orthogonal to the axis of reference (c axis). The 

highest mobility value along the c axis is a result of better orbital overlap and larger 

charge-transfer integral of D1. The maximum hole mobility directed along the c axis 

further substantiated the presence of an efficient 1D hole transport pathway, which 

could be exploited for use in electronic applications necessitating high mobility. 

Electronic mobility is not significant in comparison with the hole-transport ability of 

TCN, and is represented by the red plot in (Figure 4.B.12). Surprisingly, TCOOH and  

 d(Å) Ee Ei Ed Eex Et 

D1 9.3 -22.1 -7.4 -34.5 19.1 -43.8 

D2 7.1 -9.9 -5.8 -49.5 30.6 -34.5 
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Figure 4.B.12: The predicted anisotropic hole and electron mobilities for the TCN crystal. 

TCH3 crystals exhibited significant charge-transport characteristics, even though they 

lacked an efficiently organised arrangement of molecules in the crystal state. The 

presence of voids in TCOOH, as established by cyclic hydrogen-bonding interactions, 

is attributed to the high hole-carrier mobility in the TCOOH crystal, although 

individual TCOOH molecules have a high hole reorganisation energy of 0.15 eV. The 

periodic organisation of voids in the TCOOH crystal, as highlighted by 

Vaidhyanathan and co-workers,[249] resulted in a 1D hole-transporting channel 

constituted by the extension of dimer D along the a axis.  

Dimer D (Figure 4.B.7) greatly contributed to the high hole-transporting ability 

of the TCOOH crystal. Individual dimer (D) units are separated by a large distance of 

8.89 Å, yet the dimer possesses high electronic coupling (0.08 eV) between the 

constituent monomers, which, in turn, result in the high charge-carrier transport 

ability of dimer D. In spite of having a ρ value of 21.54, the TCH3 crystal exhibited 

appreciable hole mobility, with a drift mobility value of 2.54 cm2 V−1 s−1. The values of 

ρ have been calculated for all TPA crystals, and the high ρ values (ρ>4.5 ) are indicative 

of the herringbone packing motif. In the TCH3 molecule (with a methyl substituent on 

https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/chem.201804620#chem201804620-bib-0032
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the phenyl ring), part of the C−H⋅⋅⋅π contacts were contributed by the interactions 

between methyl hydrogen atoms and the carbon on the phenyl ring of TCH3. In detail, 

TCH3 showed high hole mobility for the following reasons: 1) Contrary to C−H⋅⋅⋅π 

contacts, wherein both participating atoms are from the phenyl rings, C−H⋅⋅⋅π 

interactions between methyl hydrogen atoms and phenyl carbon atoms in TCH3 

promote face-to-face packing through π–π interactions rather than edge-to-face 

packing (Figure 4.B.7). Because calculations of the ρ value might overestimate the 

herringbone character of crystal packing in TCH3, correlation of the ρ value with 

charge-transport properties cannot validate the high mobility value of TCH3. 2) The 

TCH3 crystal is the most densely packed crystal among all TPA derivatives analysed 

herein. The densely packed structure increased the number of dimers contributing to 

the overall crystal mobility and improved the orbital coupling between the 

neighbouring molecules.[267] Together, both factors could explain the increase in the 

overall mobility of the TCH3 crystal. IQA analysis performed on the TCH3 crystal 

confirmed that the C⋅⋅⋅H interaction was attractive in nature, whereas the π–π 

interaction was found to be repulsive in nature (Table 4.B.1). Thus, the stabilising 

nature of the C⋅⋅⋅H interaction promoted the face-to-face packing arrangement of the 

phenyl rings in TCH3, rather than the π–π interaction, thereby generating a 

comparatively higher hole-transport value in TCH3. 

In contrast to TCN, the higher hole reorganisation energy and lower charge-

transfer coupling values resulted in a considerable reduction in the efficiency of hole 

transport in TNO2, although crystals of TCN and TNO2 share a common gamma-type 

packing arrangement. As we can observe, the charge-transport properties of TCN are 

unique, owing to the low hole reorganisation energy of the molecule in comparison 

with the other TPA derivatives studied. Overall, the general trend in mobility of TPA 

crystals decreased with respect to the electron-withdrawing effect of the substituents 

attached to the para position of the phenyl ring of TPA, if no other traits, such as the 
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void in TCOOH and dense packing of the TCH3 crystal, bestowed exceptional abilities 

on the crystals. 

4.B.3. Conclusions 

We have calculated the carrier mobility values of designated TPA crystals 

through quantum chemical calculations. In addition, we have inspected the structure–

property correlation of TPA derivatives by exploring the intermolecular interactions 

in the crystalline-packing arrangements of the studied TPA derivatives. HS analysis 

and QTAIM calculations were employed to quantify the intermolecular interactions 

characteristic of the TPA crystals analysed. The electron-withdrawing nature of the 

substituent group governed the face-to-face packing arrangement of molecules in the 

TPA crystals with a methodical transition to herringbone packing motif in the 

presence of electron-donating substituents. From detailed analyses of the charge-

transporting abilities, it can be inferred that the TPA derivatives generally act as hole 

transporters, rather than as electron-transporting species. The substituent groups 

attached to the TPA core can alter the vibrational modes of individual molecules of 

the TPA derivatives, thereby varying the hole reorganisation energy of the parent TPA 

molecule with respect to the substituent group present. The general hole-transporting 

characteristics of the TPA crystals were found to be exceptionally high in TCN, owing 

to the fact that TCN had a lower reorganisation energy and highly ordered gamma 

packing arrangement. The stability of dimers D1 and D2 obtained from the gamma 

packing arrangement, which contributed efficiently to the hole mobility of TCN, were 

examined by using SAPT(0) calculations. Thus, we have traversed the mobility–

stability correlation through TCN dimers, wherein D1 has higher stability because of 

the high electrostatic contribution obtained from the efficient π stacking of monomer 

units of dimer D1. The organisation of molecules (D1 dimer) in the TCN crystal 

contributed to an efficient 1D hole-conducting pathway with a high hole mobility. In 

addition, TCH3 and TCOOH also had comparably high hole transport values, with 
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respect to the selected TPA derivatives. The presence of voids resulting in 1D hole-

transporting channels and the extra stability driven by dense packing of molecules 

accounted for the large mobility values of TCOOH and TCH3 crystals, respectively. 

Comprehensive investigations performed, to date, in the present work implies the 

possibility of tuning the hole-transporting properties of a series of TPA derivatives by 

virtue of the attached substituent groups, although the propeller shape of the TPA 

core can appear to be a hindrance for efficient molecular packing. This study of the 

trilateral relationship (structure–property–stability) of TPA crystals by tuning the 

substituents provides a strategy to improve the charge-transport characteristics of a 

widely employed material, TPA, for OLED applications. 

4.B.4. Synthesis and characterization 

4.B.4.1. Synthesis and crystallization of TB  

Tris(4-bromophenyl)amine (TBA) (1.93 g, 4 mmol), bis(pinacolato)diborane (BPD) (3.75 g, 15 

mmol) and 1,4-dioxane (60 ml) were mixed together in a 100 ml round bottom flask. 

[Pd(dppf)Cl2] (0.5 g) was added under N2 atmosphere. The reaction mixture was kept at 85 C 

for overnight. The organic solvent was removed under reduced pressure. Then the reaction 

mixture was dissolved in DCM and washed with water for several times. The crude product 

was purified using silica column chromatography (hexane:DCM = 2:1). A white solid was 

obtained as the product in 59% yield. 1H NMR (500 MHz, CDCl3): ppm= 7.60-7.61 (d, 6H), 6.99-

7.01 (d, 6H), 1.26 (s, 36H). 

 

Scheme 4.B.1: Synthesis scheme of TB. 
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4.B.5. Appendix 

Table C-4.B.1: Crystal data and structure refinement parameters of TPA derivatives accessed from 

CSD version 5.38 using ConQuest 1.19 as the search engine 

Table C4.B.2: Crystal data and structure refinement parameters of TPA derivatives accessed from 

CSD version 5.38 using ConQuest 1.19 as the search engine, except TB. 

 

4.B.5.1. X-ray crystallography 

High-quality single crystals were used for X-ray diffraction experiments. 

Crystals were mounted on a glass fibre by using oil (infineum V8512). The X-ray 

source used was monochromatic Mo Kα radiation (λ=0.710 Å at 298 K) and the 

diffraction spots were collected. A Bruker APEXII diffractometer was used for 

processing the data. Structures were solved by direct methods and expanded by using 

Fourier techniques. Hydrogen atoms were included in idealised positions, but not 

Parameters TCN TNO2 TCOMe TCOOH TBr TCH3 

Crystal system Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic Triclinic 

Space group, Z Pbcn Pbcn Pna21 P21/n P21/c P-1 

a, Å 8.165 8.042 18.697 7.235 9.397 12.403 

b, Å 11.636 11.345 11.899 27.116 16.035 10.872 

c, Å 17.565 18.344 8.722 50.042 11.368 12.944 

α, deg 90 90 90 90 90 88.48 

β, deg 90 90 90 92.752 107.534 103.34 

γ, deg 90 90 90 90 90 88.93 

V, Å3 1668.81 1673.72 1940.43 9806.13 1633.49 1697.19 

Parameters TI TB TPh TH TCH2OH 

Crystal system Monoclinic Orthorhombic Triclinic Monoclinic Monoclinic 

Space group, Z P21/n Pbca P-1 B11b P21/n 

a, Å 10.603 12.557 9.975 15.655 13.076 

b, Å 11.422 12.399 10.632 22.257 6.162 

c, Å 16.078 47.324 13.337 15.807 23.616 

α, deg 90 90 98.627 90 90 

β, deg 106.987       90 107.578 90 102.183 

γ, deg 90 90 101.338 91.04 90 

V, Å3 1862.38 7368.96 1288.74                              5506.78 1859.9.9 
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refined, whereas non-hydrogen atoms were refined anisotropically. The HFIX 

command in SHELXL-97 was used to constrain hydrogen atom positions relative to 

their parent positions. The CIF files were validated by using Check CIF. The 3D 

structure visualisation and crystal packing were explored by using the Mercury 3.8 

program. 

4.B.6. Computational details 

4.B.6.1 Hirshfeld analysis:  

HS analysis was performed by using Crystal explorer 3.1 to study various 

intermolecular interactions present in the volume, in which the contribution to total 

electron density at any point exceeded that of all neighbouring molecules. The HS was 

mapped by normalising the contact distance, dnorm, which was a function of both di and 

de, as evaluated by EQ 4.B.1:  

𝑑𝑛𝑜𝑟𝑚 =
𝑑𝑖− 𝑟𝑖

𝑟𝑖
+  

𝑑𝑒− 𝑟𝑒

𝑟𝑒
           (EQ 4.B.1) 

in which di is the distance from a point on the surface to the nearest nucleus inside the 

surface; de is the distance from a point on the surface to the nearest nucleus outside 

the surface; and re and ri are the van der Waals radii of atoms involved in the exterior 

and interior to the surface at a point, respectively. The 2D fingerprint plots obtained 

from the HS analysis presents the fraction of surface points corresponding to each (di, 

de) pair. It helps to find the various intermolecular interactions present in the crystal 

and their percentage contribution to HS area. 

4.B.6.2. QTAIM 

The wave functions of TPA crystal structures were generated by employing the 

B3LYP functional and 6-311++G** basis set at the DFT level of theory by using the 

Gaussian 09 suite of programs. The generated wave functions were used for QTAIM 

analysis by using PROAIM in the AIM 2000 software package.[268] QTAIM analysis 
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helps to determine and characterise the interatomic interactions in a crystal, and are 

presented in the form of molecular graphs. QTAIM is a generalisation of quantum 

mechanics to open the quantum system. The molecular space was partitioned to 

atomic basins, and the expectation value of any molecular property was expressed as 

sum of averages over the atomic basins. QTAIM defined BCP of a bond as a point 

along the bond at which the electron density was minimum. It also corresponded to 

the point at which the BP interacted with the zero flux surface separating the atoms. 

The electron density and energy density at BCP was indicative of the strength and 

nature of the bond. The Laplacian of electron density at BCP (∇2ρ), if lower in 

magnitude (∇2ρ<0), defined a covalent bond, whereas closed interactions, such as van 

der Waals interactions, electrostatic interactions and hydrogen bonds had ∇2ρ>0. 

4.B.6.3. IQA:  

The IQA method[255],[256] was used to determine the energy of a molecular 

system and to analyse the electron density of stabilising interactions obtained from 

the QTAIM formalism. This was performed by using AIMALL software. The energy 

of the molecular system is defined by EQ 4.B.2:  

𝐸 = ∑ 𝐸𝑖𝑛𝑡𝑟𝑎
𝐴

𝐴 + 
1

2
∑ ∑ 𝐸𝑖𝑛𝑡𝑒𝑟

𝐴𝐵
𝐵≠𝐴𝐴              (EQ 4.B.2) 

in which the summation ran over all atoms. Intra-atomic energy, 𝐸𝑖𝑛𝑡𝑟𝑎
𝐴 , is defined by 

EQ 4.B.3:  

𝐸𝑖𝑛𝑡𝑟𝑎
𝐴 =  𝑇𝐴 + 𝑉𝑛𝑒

𝐴 + 𝑉𝑒𝑒
𝐴                            (EQ 4.B.3) 

in which 𝑇𝐴 is the kinetic energy of electrons in an atom, 𝑉𝑛𝑒
𝐴  is the energy 

corresponding to the attraction between electrons and nucleus of an atom and 𝑉𝑒𝑒
𝐴 is 

the energy corresponding to the repulsion between electrons in an atom. Interatomic 

energy between atoms A and B is calculated by EQ 4.B.4:  

𝐸𝑖𝑛𝑡𝑒𝑟
𝐴𝐵 = 𝑉𝑛𝑛

𝐴𝐵 + 𝑉𝑛𝑒
𝐴𝐵 + 𝑉𝑒𝑛

𝐴𝐵 + 𝑉𝑒𝑒
𝐴𝐵             (EQ 4.B.4) 
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in which 𝑉𝑛𝑛
𝐴𝐵 is the repulsion between nuclei of A and B, 𝑉𝑒𝑒

𝐴𝐵 is the repulsion between 

electrons of A and B and 𝑉𝑛𝑒
𝐴𝐵 and 𝑉𝑒𝑛

𝐴𝐵corresponds to the attraction between the 

nucleus of one atom and the electrons of the other atom. IQA helps to understand the 

nature of intermolecular interactions from the interatomic energy contribution values. 

4.B.6.4. Material science suite 

Charge-carrier mobility was calculated by using the Jaguar[177] DFT model 

from Schrodinger Materials Science Suite 2016-2.[225] Calculations were performed at 

the B3LYP/6-311G** level of theory by using the geometry obtained from the crystal 

structure. The functional and basis set used for the charge-transport calculations in 

this work were selected by following previously reported theoretical studies on 

various TPA derivatives and other organic chromophores, wherein the charge-

transport characteristics were analysed separately from the calculated reorganisation 

energy values. Marcus theory for charge-transfer rates considers electron/hole 

hopping as a non-adiabatic process at high temperatures. The rate of electron or hole 

transfer (𝑘) is calculated by using the Marcus–Hush formalism (EQ 4.B.5)[209]  

𝑘 =
𝑉2

ℏ
(

𝜋

𝜆𝑘𝐵𝑇
)

1

2
𝑒

−𝜆
4𝑘𝐵𝑇⁄

                                       (EQ 4.B.5) 

in which kB is the Boltzmann constant, T is the temperature in Kelvin, λ is the 

reorganisation energy and V is the coupling matrix constant. Reorganisation energy is 

given by EQ 4.B.6:  

λ± = λ1 + λ2 = (E0
∗ − E0) + (E±

∗ − E±)          (EQ 4.B.6) 

in which E0 and E± correspond to the energies of neutral and cationic/anionic species, 

respectively, in the optimised geometry. E0
∗  is the energy of a neutral molecule in 

cationic/anionic geometry; E±
∗ is the energy of cation/anion in the neutral geometry for 

vertical transitions during electron transfer. Coupling matrix element V, which 

quantifies the extent of HOMO–HOMO overlap in hole transfer and LUMO–LUMO 
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overlap in the case of electron transfer, is obtained from the Marcus–Hush two-state 

model. The diffusion coefficient evaluated from the hopping value is given by EQ 

4.B.7:  

𝐷 =
1

2𝑁
∑ 𝑟𝑖

2
𝑖 𝑘𝑖𝑃𝑖          (EQ 4.B.7) 

in which N is the dimensionality of distance, 𝑃𝑖 is the probability of electron/hole 

transfer to the ith neighbour and ki is the rate of hole/electron hopping to the ith 

neighbour. 𝑃𝑖 is given by EQ (4.B.8):  

𝑃𝑖 =
𝑘𝑖

∑ 𝑘𝑖
                            (EQ 4.B.8) 

Charge-carrier mobility, 𝜇, is evaluated from the Einstein relationship given by EQ 

4.B.9:  

𝜇 =
𝑒

𝑘𝐵𝑇
                             (EQ 4.B.9) 

in which 𝑒 is the electronic charge. 

The orientation-dependent charge-carrier mobility of molecules in crystals, with 

respect to the conducting channel, was determined by using EQ 4.B.10:  

µ𝜑 =  
𝑒

2𝑘𝐵𝑇
 ∑ 𝑟2𝑘𝑖𝑃𝑖  𝐶𝑂𝑆2 𝛾𝑖  𝐶𝑂𝑆2

𝑖 (𝜃𝑖 − 𝜑)            (EQ 4.B.10)  

in which 𝛾𝑖  is the angle between the charge-hopping pathway and the plane of 

interest, and (𝜃𝑖 − 𝜑) is the angle between the hopping pathway and the conducting 

channel. 
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11. Sorbonne-JNCASR School on Advanced Computational Material Science 

(29 January-02 February 2018), JNCASR, Bengaluru, Karnataka, India. 
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12. Faraday Discussions: Photoinduced Processes in Nucleic acids and Proteins 

(11-13 January 2018), Thiruvananthapuram, Kerala, India. (Presented 

poster) 

13. 13th JNC Research Conference on Chemistry of Materials (01-03 October 

2017), Thiruvananthapuram, Kerala, India. (Presented poster) 

14. 8th East Asia Symposium on Functional Dyes and Advanced Materials (20-

22 September 2017), CSIR-NIIST, Thiruvananthapuram, Kerala, India.  

15. Inter-IISER Chemistry Meet 2015 (IICM 2015) (11-13 December 2015), 

Thiruvananthapuram, Kerala, India. 

 

Achievements in Workshops and Conferences 

 

1. The Best Short Oral Award of APC-2021 during the 11th Asian 

Photochemistry Conference (APC-2021, 31 October - 4 November 2021), 

Korea. 

2. Best Poster Presentation Prize in IISERTVM-RSC Symposium on Advances 

in Chemical Sciences (4 February 2020), IISER TVM, Kerala India. 

3. Best Poster Presentation Prize in 13th JNC Research Conference on 

Chemistry of Materials (01-03 October 2017), Thiruvananthapuram, Kerala, 

India. 
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