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Preface 

 
Eumelanin is a brown-black pigment present throughout the biological realm. Eumelanin is 

crucial for photoprotection due to its ability to efficiently absorb light across a broad spectrum 

of wavelengths and promptly dissipate the absorbed energy safely. Eumelanin is chemically 

heterogeneous and architecturally chaotic, comprising several indole-derived constituents that 

exist in various oxidation states and are interconnected in multiple arrangements. Conventional 

chromophores possess clearly delineated molecular structures, which is not applicable in case 

of eumelanin. The dynamic supramolecular structure complicates the relationship between 

structure and properties, rendering it difficult to ascertain their correlation. The unique 

photophysical characteristics of eumelanin, such as broadband electronic absorption, ultrafast 

excited-state deactivation, and exceptional photostability, arise from the intricate interplay 

between molecular disorder and supramolecular structure. These characteristics not only 

facilitate eumelanin's role in photoprotection in organisms but also render it an effective 

paradigm for enhancing functional organic photonic materials. 

While beginning my work on eumelanin, the trials were simple but surprisingly 

interesting. There was a lot of literature on its spontaneous polymerization, but seeing it happen 

in person was a whole new experience. Solutions of the monomeric building blocks of 

eumelanin were prepared and left on the workbench overnight. The solution that was 

transparent the night before had turned into a deep, inky black by the next morning. How could 

something so simple change into a pigment that serves its purpose so efficiently? Nature never 

picks its chemistry by chance, and as I investigated more about it, I began to appreciate how 

carefully this molecular design is put together to do its job. 

This thesis explores how molecular structure, aggregation, and excitonic interactions 

govern the excited-state dynamics of eumelanin and related organic systems, providing a 

unified perspective from monomeric building blocks to functional multimeric assemblies and 

designed emitters. The work is motivated by the fundamental question of how structural 

disorder and supramolecular organization influence photophysical processes, with implications 

for both biological photoprotection and the rational design of organic photonic materials. 

Chapter 1 introduces eumelanin, the ubiquitous brown-black pigment, and its extraordinary 

photoprotective properties. Here, the relationship between chemical heterogeneity, 

supramolecular organization, and ultrafast excited-state deactivation is dissected, showing how 

structural disorder underpins both broadband absorption and efficient energy dissipation. This 
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chapter lays the conceptual foundation for understanding eumelanin’s photophysics and 

establishes strategies for investigating its structure–property relationships. Chapter 2 focuses 

on DHICA, a key eumelanin monomer, and elucidates its crystal structure and assembly-

specific behaviour. Using three-dimensional electron diffraction, solid-state NMR, and density 

functional theory, how exciton delocalization operates within the π–π stacked and hydrogen-

bonded network, is uncovered. Extending these insights to 13C-labelled DHICA-based polymer 

provides a window into the molecular heterogeneity that defines eumelanin’s functional 

properties. 

Molecular size and aggregation profoundly influence how eumelanin dissipates 

electronic energy. Chapter 3 examines model eumelanin multimers, i.e., DMICE, DMICE-D, 

and DMICE-T, to understand the effect of aggregation on electronic absorption and ultrafast 

energy relaxation. By combining solution- and thin-film photophysics, it is demonstrated that 

increasing multimer length and aggregation amplifies excitonic interactions, enhances non-

radiative decay pathways, and recapitulates eumelanin’s characteristic photoprotective energy 

dissipation. The interplay of Coulombic and charge-transfer couplings is shown to control these 

photophysical outcomes. Chapter 4 explores aggregation-induced modulation of excited-state 

energy landscapes in eumelanin-inspired hybrid charge-transfer emitters, HD and BrD. The 

chapter reveals how J- versus H-type aggregation selectively governs delayed fluorescence and 

room-temperature phosphorescence, highlighting the role of supramolecular arrangement in 

tuning singlet–triplet energy gaps and reverse intersystem crossing. This chapter connects the 

fundamental insights from natural eumelanin to the rational design of functional bio-organic 

luminescent materials. Taken together, this thesis establishes a comprehensive framework for 

linking molecular structure, aggregation, and excitonic interactions to photophysical outcomes 

in eumelanin-based molecules. By progressing from monomers to multimers and functional 

derivatives, the thesis provides a roadmap for understanding and harnessing the excited-state 

dynamics of eumelanin-inspired systems for both fundamental and applied research in 

photophysics and materials science. 
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Abstract 
  

Eumelanin, an abundant biological pigment, exhibits remarkable photoprotection through 

broadband electronic absorption and ultrafast excited-state deactivation. Despite extensive 

research, the relationship between its chemical heterogeneity, supramolecular organization, 

and photophysical behaviour remains incompletely understood. This thesis explores the 

structure–property relationships of eumelanin and related indole-based systems, from 

monomeric units to multimers and engineered emitters, to uncover the molecular and 

supramolecular factors governing energy dissipation. Chapter 1 establishes the conceptual 

framework of eumelanin, showing how intrinsic chemical disorder and supramolecular 

interactions enable eumelanin’s photoprotective properties. Chapter 2 elucidates the crystal 

structure and assembly of DHICA, a key monomer of eumelanin, using three-dimensional 

electron diffraction, solid-state NMR, and density functional theory, revealing that charge-

transfer exciton delocalization within the π-stacked, hydrogen-bonded network dominates 

energy transfer. Chapter 3 examines model multimers (DMICE, DMICE-D, DMICE-T) in 

solution and thin films, demonstrating that increasing multimer size and aggregation enhances 

excitonic interactions, broadens electronic absorption, and accelerates ultrafast energy 

dissipation, with both intermolecular and intramolecular electronic couplings modulating 

photophysical outcomes. Chapter 4 extends these principles to synthetic eumelanin-based 

emitters (HD and BrD), showing that J- versus H-type aggregation selectively tunes singlet–

triplet gaps, reverse intersystem crossing, and influence the balance between delayed 

fluorescence and room-temperature phosphorescence. Collectively, this work offers a 

comprehensive framework for understanding how molecular structure, aggregation, and 

excitonic interactions shape excited-state dynamics in eumelanin. By elucidating the 

structure–property relationships in eumelanin, this work lays the foundation for the rational 

design of bio-inspired materials with precisely tunable optical properties. 
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Chapter 1 

Introduction to Eumelanin: Structural and 

Photophysical Complexity 

1.1. Melanin in Nature 

Melanin is one of the most ubiquitous pigments in nature.1 Its name, derived from the Greek 

melanos (“black” or “dark”), reflects the colour of many melanized structures. Beyond its 

characteristic appearance, melanin plays an important role in biological protection and survival, 

enabling organisms to regulate temperature, shield themselves from radiation, and neutralize 

reactive species.2 Its presence is well recognised in humans, animals, plants, fungi, and 

microorganisms alike, underscoring its evolution as a multifunctional biomaterial. Unlike most 

biological macromolecules, melanin does not arise from a template-driven or sequence-

controlled process. Instead, it emerges through oxidative reactions involving a variety of 

indole-based precursor molecules, which then undergo enzymatic transformations by 

tyrosinase and assemble into complex, heterogeneous structures ranging from nanoscale 

oligomers to micron-sized aggregates. These structures are stabilized by an interplay of 

covalent bonds, hydrogen bonds, aromatic stacking, and other noncovalent forces.3 This 

chemical and structural diversity, coupled with poor solubility and high molecular weight, has 

made it particularly challenging to define a clear molecular architecture for melanin or to 

establish simple structure–function relationships. 

The scientific exploration of melanin stretches back centuries.1 Early investigations 

described its dark pigmentary nature, but only later was its biosynthetic origin traced to the 

oxidation of tyrosine.1 The isolation of key intermediates, such as 5,6-dihydroxyindole (DHI) 

and its carboxylated analogue DHICA, laid the groundwork for the polymer model of melanin 

(later categorised as eumelanin).4-6 Over time, distinct classes of melanin were recognized: 

eumelanin, pheomelanin, neuromelanin, pyomelanin, and allomelanin, each associated with 
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specific biological systems and functions (Figure 1.1).6 Among these, eumelanin has emerged 

as the most extensively explored due to its prominent role in human pigmentation and 

photoprotection. 

 

Figure 1.1: Overview of the biosynthetic pathways for the five main classes of melanin: 

eumelanin, pheomelanin, neuromelanin, and the nitrogen-free melanins, allomelanin and 

pyomelanin (Reproduced from Ref. 6; Copyright © 2021 American Chemical Society). 

In animals, eumelanin, pheomelanin, and neuromelanin dominate pigmentation 

processes, while pyomelanin and allomelanin are more common in plants and microbes.6 Their 

optical signature is defined by broadband electronic absorption across the UV–visible–NIR 

range, giving rise to low photoluminescence. In humans, eumelanin is responsible for brown to 

black skin and hair pigmentation, while pheomelanin contributes to lighter tones and red hair.1 

Both pigments are produced within specialized organelles called melanosomes.7 Functionally, 

eumelanin is renowned for its exceptional ability to absorb and dissipate light energy 

harmlessly, acting as a natural photoprotective barrier. In contrast, pheomelanin tends to 

promote photochemical damage through reactive pathways, although it may also serve 

structural or biosynthetic roles in pigment formation.8 Small variations in molecular structure 
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and polymerization chemistry can therefore lead to strikingly different biological outcomes. 

Melanin’s remarkable chemistry and multifunctionality reinforce essential biological roles, 

such as photoprotection, radical scavenging, and adaptive pigmentation and provide an 

inspiration for innovation in materials science.9 By combining chemical diversity with 

supramolecular organization, melanin achieves robust energy dissipation, structural resilience, 

and optical versatility. Understanding these natural design principles not only highlights the 

biological significance of melanin but also inspires the development of synthetic, eumelanin-

inspired materials with tunable optical and photoprotective properties, bridging the gap 

between nature and functional technology. 

1.2. Eumelanin as a Natural Pigment 

Eumelanin, derived from the Greek prefix “eu,” meaning “good” or “well,” is the most 

extensively studied member of the melanin family.9 It is widely distributed in nature, occurring 

in human skin and hair, bird feathers, squid ink, lichens, and even fossilized dinosaur remains.7 

Its biosynthetic pathway originates from the amino acid tyrosine, which undergoes enzymatic 

oxidation by tyrosinase to produce levodopa (L-DOPA) and subsequently dopaquinone. 

Through a series of intramolecular transformations, dopaquinone yields the two principal 

monomeric building blocks of eumelanin: 5,6-dihydroxyindole (DHI) and 5,6-

dihydroxyindole-2-carboxylic acid (DHICA). These monomers undergo further oxidation, 

coupling, and aggregation to generate the highly complex, heterogeneous macromolecular 

pigment that defines eumelanin’s structure and function (Figure 1.2).10  

Computational studies and structural modelling suggest that these monomers assemble 

into planar oligomers, which stack further into higher-order, amorphous structures, providing 

the hierarchical architecture characteristic of eumelanin.2 Among its monomeric components, 

DHICA plays a particularly important role in natural eumelanin, often constituting more than 

half of the subunits in some samples.11 The carboxyl group in DHICA introduces 

atropisomerism due to restricted rotation between adjacent units, while the zwitterionic nature 

of these subunits contributes to the pigment’s photoprotective capabilities.12 
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Figure 1.2: Biosynthetic and synthetic pathways for natural eumelanin, showing the two 

monomers – DHI and DHICA. 

 

Figure 1.3: Optical spectrum of an aqueous solution of eumelanin from Sepia officinalis at 

room temperature (Adapted from ref. 13; Copyright © 1999 American Chemical Society). 
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Eumelanin serves two primary roles: coloration and photoprotection. Its broad, 

featureless absorption across the UV and visible regions is uncommon for organic 

chromophores, resembling the optical behaviour of inorganic semiconductors (Figure 1.3).14-16 

This broad absorption, combined with extremely low fluorescence quantum yields, ensures that 

more than 99.9% of absorbed photons are dissipated non-radiatively as harmless heat, a key 

attribute for photoprotection. The pigment’s optical behaviour also reveals complex excitonic 

interactions and the influence of molecular aggregation, explaining why eumelanin continues 

to challenge conventional characterization techniques. Collectively, these properties illustrate 

how eumelanin’s chemical composition, supramolecular assembly, and excited-state dynamics 

converge to support its biological function. 

1.3. Eumelanin Compared to Well-Characterized Biomolecules 

Some of the most celebrated breakthroughs in molecular biology have come from solving the 

structures of well-defined biomolecules. The discovery of the DNA double helix revealed the 

physical basis of genetic inheritance.17 The triple-helical structure of collagen explained the 

remarkable tensile strength of connective tissues.18 High-resolution structures of myoglobin 

and hemoglobin illuminated, atom by atom, how proteins bind and transport oxygen.19, 20 These 

landmark achievements were possible because these molecules are chemically uniform, 

sequence-defined, and structurally ordered. Their regularity made them ideal candidates for 

structural elucidation by X-ray diffraction, NMR spectroscopy, and other high-resolution 

techniques, enabling a direct link between molecular structure and biological function. 

Eumelanin stands in sharp contrast to these molecular archetypes. It is not encoded by a fixed 

genetic sequence, nor does it adopt a single well-defined structure.21 Instead, eumelanin is 

produced through spontaneous oxidative polymerization of heterogeneous monomers, 

primarily DHI and DHICA, generating a complex mixture of oligomers and supramolecular 

aggregates.22 This inherent chemical and structural heterogeneity have long hindered efforts to 

obtain a molecular-level structural model comparable to those available for DNA, proteins, or 

collagen. 
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Figure 1.4: DHICA in acetone-d6 showing the spontaneous autoxidative polymerization, 

turning to insoluble black material. 

The challenge is compounded by the labile nature of its monomeric building blocks. 

DHI and DHICA remain stable when stored under an inert atmosphere and in the absence of 

oxygen, but they undergo rapid oxidation and polymerization upon exposure to air, even at low 

temperatures such as −20 °C. Within days, the pale starting material converts into black 

eumelanin pigment, and at room temperature this process occurs within a week. In solution, 

polymerization is even faster, producing an insoluble black solid within hours (Figure 1.4).23 

This insolubility, combined with the absence of long-range molecular order, renders 

conventional characterization methods such as X-ray crystallography and solution NMR 

ineffective. Unlike DNA or proteins, eumelanin cannot be represented by a single molecular 

structure. It exists as a dynamic, disordered ensemble whose properties arise from the interplay 

between chemical diversity, polymerization pathways, and supramolecular aggregation. This 

structural complexity is precisely why, despite its ubiquity and importance, the molecular 

architecture of eumelanin remains unresolved. Yet, this very complexity is intimately tied to its 

biological function. Eumelanin’s ability to dissipate energy efficiently, scavenge radicals, and 

provide broad-spectrum photoprotection emerges from its disordered, heterogeneous nature. 

While molecules like DNA and collagen reveal how order enables function, eumelanin 

exemplifies how functional disorder can also be a powerful design principle in nature. 

1.4. Structural Complexity in Eumelanin 

Eumelanin polymers exhibit a remarkable degree of structural heterogeneity that arises at 

multiple organizational levels, beginning with the chemical nature of their building blocks 

(Figure 1.5).9 One major source of this heterogeneity is the diversity of monomeric and 

intermediate species incorporated during melanin formation. This chemical variability often 

24 h 48 h 72 h 96 h 120 h
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emerges from competing pathways at critical branching points in the synthetic or biosynthetic 

sequence, for example, dopachrome rearrangement, which results in the inclusion of multiple 

intermediates due to inherently slow oxidation kinetics.24 Additional factors, such as the 

deliberate co-polymerization of different monomers, the presence of reactive additives, post-

synthetic transformations like o-quinone fission, and the physical adsorption of residual 

monomer or oligomer species onto the growing polymer matrix, further contribute to this 

complexity. Evidence for such chemical heterogeneity has come from degradation studies, 

model pathway investigations, solid-state NMR, and, most prominently, MALDI-MS.24 These 

studies have consistently shown broad structural diversity in DHI- and DHICA-based melanins 

formed under both chemical and biomimetic enzymatic conditions.25 

 

Figure 1.5: Simplified representation of chemical disorder in eumelanin across multiple 

structural hierarchies and length scales (Adapted from ref. 10; Copyright © 2014 American 

Chemical Society). 

Another layer of disorder is introduced through variations in molecular size, which 

reflect differences in the degree and mode of polymerization (Figure 1.6). Slow oxidation 
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kinetics and the adsorption of growing chains onto precipitating particles can result in broad 

distributions of oligomer lengths, giving rise to molecular weight dispersion. Mass 

spectrometry has revealed oligomers containing up to 30 units in DHI melanin, although this 

likely represents a lower bound due to technical limitations.26-28 Direct evidence for the 

polymeric nature of polydopamine has also been obtained through single-molecule force 

spectroscopy, which allows the mechanical properties of individual chains to be probed.28 At 

the molecular level, heterogeneity is further amplified by differences in coupling positions and 

bonding modes, which generate multiple isomeric structures within each oligomer size class. 

This arises from the intrinsic regioselectivity of monomer coupling as well as the influence of 

oxidation conditions on preferred linkage patterns. The successful isolation of isomeric 

oligomers underscores how the specific mode of polymerization directly shapes the chemical 

diversity of eumelanin structures.29 

 

Figure 1.6: Proposed structural motifs representing different subunits of eumelanin (Adapted 

from ref. 30; Copyright © 2020 Springer Nature). 

Redox heterogeneity represents another defining feature of eumelanin. The polymer’s 

oligomeric components can exist in various oxidation states, including catechol, semiquinone, 

a) b)

c)



Chapter 1: Introduction to Eumelanin: Structural and Photophysical Complexity 

10 
 
 

 

and quinone forms.25 The distribution of these states is governed by factors such as the 

oxidizing nature of individual components, the pH and type of oxidizing agent, the degree of 

π-electron delocalization, and sample aging. EPR spectroscopy provides direct insight into this 

electronic disorder, with the signal width reflecting the range of accessible redox states.31 

Complementary electrochemical measurements, including cyclic voltammetry, reveal the 

ability of the polymer to buffer both oxidizing and reducing agents.32, 33 Organic 

electrochemical transistor studies further indicate slow equilibration between redox states, with 

hysteresis in current response pointing to a gradual relaxation from kinetically trapped states to 

more stable electronic configurations.34 This molecular and electronic complexity ultimately 

extends to the supramolecular level, where oligomers assemble through a variety of 

noncovalent interactions. The resulting architectures are influenced by the relative proportion 

of planar and twisted segments, the efficiency of π–π stacking and cation–π interactions, and 

the capacity for hydrogen bonding.35 Depending on these factors, the resulting assemblies can 

exhibit varying degrees of order, ranging from amorphous networks to partially organized 

domains. Techniques such as AFM, SEM, TEM, and X-ray scattering have provided clear 

evidence of this supramolecular disorder, revealing its critical role in defining the structural and 

functional properties of eumelanin materials.36, 37 

1.5. Excitonic Coupling in Molecular Aggregates 

Deciphering melanin's inherent photoprotective role and directing the development of next-

generation organic photovoltaic and light-harvesting materials require an understanding of how 

molecular structure influences the photophysical characteristics of eumelanin and related 

molecular assemblies. The investigation of structure–property correlations have profound 

historical origins in the context of molecular aggregation. In the 1930s, Scheibe and Jelley 

independently noted a significant red shift in the absorption spectra of concentrated solutions 

of 1,1′-diethyl-2,2′-cyanine chloride (pseudoisocyanine or PIC), demonstrating that dense 

molecular packing can significantly modify optical characteristics.38, 39 These pioneering results 

established the foundation for comprehending the emergence of electronic effects in molecular 

assemblies.40 
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To elucidate these phenomena in molecular crystals, Davydov created the concept of 

excitons, which are quasiparticles that characterize the delocalization of electronic excitation 

among interacting molecules.41 Kasha expanded on these discoveries to develop the molecular 

exciton theory, which established how the spatial arrangement of chromophores affects the 

photophysical properties.42 This approach was very helpful in understanding natural light-

harvesting complexes, where the efficiency of energy transmission is controlled by the precise 

structure of pigments. When multiple chromophores absorb light, their transition dipole 

moments (TDMs) interact, leading to excitonic coupling, a fundamental process that mediates 

the exchange and delocalization of electronic excitation energy among neighbouring molecules. 

Such coupling may arise within a single molecule (intramolecular) or between distinct 

molecules (intermolecular), depending on the system’s geometry and electronic environment. 

Kasha’s exciton model, formulated in the 1960s, described these interactions using the 

point dipole approximation, where each chromophore’s transition density is simplified as a 

dipole vector.42 The coupling between these dipoles gives rise to characteristic spectroscopic 

features that define the excited-state dynamics of multichromophoric assemblies. Despite its 

simplicity, this model provided a powerful framework for quantifying long-range Coulombic 

interactions (JCoul) between chromophores and remains foundational for interpreting excitonic 

effects in molecular aggregates and optoelectronic materials. The ideal dipole approximation is 

employed to estimate the JCoul interactions and can be represented as:43, 44 

                                                     𝐽𝐶𝑜𝑢𝑙 =
 𝜇2(cos − 3cos2𝛳) 

4𝜋0𝑅3                   (Eq. 1.1) 

Here, R is the intermolecular distance, θ is the angle between the polarization direction of the 

dipole and the vector linking the centres of the two molecules, α corresponds to the dihedral 

angle between their molecular planes, and 0 represents the permittivity of free space. The term 

(cosα − 3cos2) defines the orientation factor (). 

Kasha's exciton model classifies molecular aggregates into H- and J-types according to 

the spatial orientation of their TDM vectors. Chromophores stack face-to-face resulting in H-

aggregates (H stands for hypsochromic) (Figure 1.7). The excitonic energy levels separate as a 

result of Coulombic interactions in the face-to-face arrangement. Energy level splitting causes 
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a net dipole moment cancellation that optically forbids transitions to the lower energy excitonic 

state, while permitting transitions to the higher energy state. A blue-shifted absorption 

maximum and either weak or nonexistent fluorescence emission in the H-aggregate in 

comparison to the monomer are the photophysical manifestations of the excitonic energy level 

splitting.45 

 

Figure 1.7: Scheme demonstrating the correlation between slip angle (θ), rotational angle (α) 

and the orientation factor (κ) (Adapted from ref. 46; Copyright © 2023 Royal Society of 

Chemistry). 

Conversely, the chromophores of J-aggregates, named for Jelley, are arranged from 

head to tail (Figure 1.7).47 Transitions to the lower excitonic state with a net dipole moment 

become accessible by the splitting of the excitonic energy level. Red-shifted absorption and 

red-shifted enhanced emission bands in comparison to the monomer are characteristics of the 

lower energy state transitions. Apart from the well-known H- and J-type aggregates, Kasha also 

suggested that there is a unique class of aggregates that result from insignificant Coulombic 

interactions and are distinguished by electronically degenerate states and cross-oriented 

transition dipoles (Figure 1.7).48 Another type of aggregates referred to as magic angle-stacked 

aggregates, which have been shown to exhibit monomer-like characteristics. These are 

parallelly ordered slip-stacked molecular aggregates with a slip angle of 54.7º (magic angle) 

between the transition dipoles (Figure 1.7).49 However, the orbital interactions between the 
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chromophoric units in densely packed chromophoric arrangements (d ≈ 3.5 Å) are not taken 

into account by Kasha's salient dipole-dipole excitonic model, necessitating the use of 

sophisticated electronic coupling models to describe the aggregate's overall photophysics. 

 

Figure 1.8: Molecular orbitals with (a) larger interplanar separations (≥ 6 Å), where orbital 

overlap is negligible, and (b) smaller separations (≤ 6 Å), where significant orbital overlap 

occurs (Adapted from ref. 46; Copyright © 2023 Royal Society of Chemistry). 

Intramolecular excitonic coupling plays a crucial role in governing the excited-state 

dynamics of covalently linked multichromophoric systems. Previous studies have shown that 

both through-bond and through-space interactions contribute to charge separation and energy 

transfer processes in such systems. However, in molecular assemblies where the chromophores 

are separated by only a few angstroms, through-space interactions typically dominate, as the 

proximity of the monomeric units enables strong electronic communication.46 When the 

interchromophoric distance becomes sufficiently small, significant orbital overlap between 

neighbouring units can occur, leading to short-range excitonic coupling (Figure 1.8).50 Building 

on Kasha’s molecular exciton theory, Spano and co-workers introduced the concept of charge-

transfer (CT)-mediated coupling (JCT), which extends the classical model to account for short-

range interactions in π–π stacked molecular architectures (d ≤ 6 Å).51 In such systems, both 

long-range Coulombic and short-range charge-transfer interactions shape the optical response. 

The CT-mediated coupling can be approximated as: 
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                 𝐽𝐶𝑇 =
−2𝑡𝑒𝑡ℎ

𝐸𝐶𝑇 −𝐸𝑆1

                                     (Equation 1.2) 

where te and th represent the electron and hole transfer integrals, and ECT and 𝐸𝑆1
 correspond to 

the energies of the charge-transfer state of the dimer and lowest singlet excited state of the 

monomer, respectively. 

The magnitude of CT coupling is highly sensitive to the molecular geometry, 

particularly the slip angle (θ) and rotational displacement (α) between adjacent chromophores, 

as these parameters determine the relative phase alignment and spatial overlap of the interacting 

molecular orbitals. Predicting the strength of CT interactions remains challenging due to the 

variable distribution of frontier molecular orbitals (FMOs), which depend on the molecular 

symmetry and geometry of the system.52-54 Electron and hole couplings arise from the spatial 

overlap between the LUMOs and HOMOs of neighbouring chromophores, respectively. The 

overall excitonic coupling in a molecular aggregate is the sum of long-range Coulombic (JCoul) 

and short-range charge-transfer (JCT) contributions, expressed as: 

             𝐽𝑇𝑜𝑡𝑎𝑙 =  𝐽𝐶𝑜𝑢𝑙+ 𝐽𝐶𝑇                               (Equation 1.3) 

In closely packed chromophoric assemblies (d ≤ 6 Å), the interplay between Coulombic and 

charge-transfer couplings determines the extent and character of exciton delocalization, 

exerting a defining influence on the observed photophysical behaviour of the system. 

1.6. Photophysical Properties of Eumelanin 

Two of eumelanin's key functions are coloration and photoprotection. As such, optical 

properties of the melanin pigment are essential to its function. It is therefore somewhat ironic 

that in general, eumelanin has defied optical characterization. This has led to the unfortunate 

state of affairs that we do not have a clear understanding of how UV and visible radiation 

interacts with the macromolecule to generate properties such as the monotonic broadband 

absorbance. Once again, explaining these most fundamental of issues requires a detailed and 

appropriate structural model at the molecular and aggregate level. Only then can one hope to 

construct a consistent mesoscopic understanding. 
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1.6.1. Broadband Electronic Absorption 

Eumelanin exhibits a broad, featureless absorption extending from the ultraviolet to the near-

infrared, in both solution and the condensed phase. This behaviour stands in stark contrast to 

typical organic chromophores, which display well-defined electronic and vibronic transitions. 

Instead, the spectral profile of eumelanin resembles that of amorphous inorganic 

semiconductors, prompting models that describe it as an organic material with a continuum of 

electronic states rather than discrete molecular bands.55 The monotonic absorption emerges 

during the oxidative polymerization of precursors such as DHI and DHICA, and further spectral 

changes appear during degradation or when low–molecular weight fractions are isolated.55 

These observations reflect the intrinsic chemical diversity of the pigment. Although early 

hypotheses suggested that the smooth spectrum might arise predominantly from scattering 

(Rayleigh scattering from nanoscale domains or Mie scattering from larger aggregates), 

quantitative measurements have shown that scattering contributes only modestly in well-

solubilized samples. The dominant contribution to eumelanin’s optical profile therefore 

originates from electronic transitions intrinsic to the material.16, 56-58 

Efforts to define a fundamental bandgap have yielded values between 1.2 and 3.4 eV 

depending on methodology, while photopyroelectric spectroscopy has revealed a discontinuity 

near 1.7 eV.14 This value aligns with the computed HOMO–LUMO gap of indolequinone, a 

major oxidation product of eumelanin precursors, suggesting that overlapping transitions from 

multiple chemically distinct species shape the overall absorption.55 Two principal models have 

been advanced to explain this broadband behaviour. The first model, “chemical disorder” 

model, proposes that eumelanin’s heterogeneous mixture of redox states, coupling motifs, and 

oligomeric structures produces a dense manifold of overlapping electronic transitions that 

merge into the observed monotonic spectrum.59 The second model which is the (geometric 

disorder) focuses on supramolecular architecture: planar protomolecular units stack at 3–4 Å 

separations, generating regions of geometric order that enable strong excitonic coupling, while 

rotational disorder and lateral slips between layers broaden the exciton band and redistribute 

oscillator strength. Both models will be discussed in detail in the following sub-sections. 
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1.6.1.1. Chemical Disorder Model 

The chemical disorder model primarily acknowledges that eumelanin comprises a 

heterogeneous collection of structurally distinct species rather than a singular chemical entity.59 

Under controlled synthetic conditions, the pigment is observed as a mixture of monomers, 

dimers, and higher oligomers, each exhibiting various redox states. Typical molecular units 

comprise DHI, DHICA, and their oxidized derivatives, including indolequinone and quinone-

imine.60, 61 The polymerization and reactivity of these building blocks result in a diverse array 

of molecular architectures, each characterized by distinct electronic structures. An important 

consequence of this heterogeneity is that each species possesses a different HOMO–LUMO 

energy gap. As a result, the overall absorption spectrum of eumelanin can be understood as the 

superposition of many individual electronic transitions. Instead of sharp, well-resolved bands, 

the overlapping contributions from a large number of chemically distinct chromophores merge 

into the smooth, exponentially increasing absorption profile that characterizes all melanins. 

 

Figure 1.9: UV-visible absorption spectra DHICA in NaOH solution at various times (legend 

represents hours) (Adapted from ref. 59; Copyright © 2006 Elsevier). 

Computational investigations support this framework. Density functional theory has 

shown that even simple DHICA oligomers exhibit significant red-shifts in their electronic gaps 

relative to the monomer. Moreover, small structural variations, such as different bonding modes 

in dimers, introduce measurable changes in the HOMO–LUMO gap, often differing by several 

tenths of an electron volt.62 These findings imply that even a limited set of oligomers is 
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sufficient to begin reproducing the broad spectral envelope observed experimentally. 

Experimental observations mirror these predictions.59 During oxidative polymerization of 

DHICA, the initially well-defined absorption features progressively red-shift and broaden, 

eventually transforming into the characteristic monotonic spectrum of eumelanin (Figure 1.9). 

This spectral evolution reflects the formation of increasingly diverse reaction products with 

lower-energy transitions. By framing eumelanin’s optical properties as an emergent 

consequence of chemical heterogeneity, the chemical disorder model challenges the long-

standing view that melanins require an amorphous semiconductor-like band structure to explain 

their behaviour. Instead, it suggests that eumelanin’s functional robustness arises precisely from 

its complexity. 

1.6.1.2. Geometric Disorder Model 

The broadband absorption of eumelanin can be further understood by considering its 

supramolecular architecture alongside its chemical heterogeneity. The geometric disorder 

model is centred on the observation that eumelanin aggregates comprise planar oligomeric units 

arranged in close proximity (Figure 1.10).63 This geometric arrangement is characterized by 

interlayer separations of approximately 3–4 Å, aligning with findings from diffraction 

studies.35, 64-66 This dense arrangement facilitates substantial excitonic coupling among adjacent 

chromophores, permitting the delocalization of electronic excitations across several units. 

Calculations utilizing the Frenkel exciton framework indicate that these couplings significantly 

affect the spectral response of aggregated eumelanin.63 In contrast to crystalline organic 

materials, eumelanin lacks a regular, periodic arrangement. Molecular dynamics simulations 

and experimental observations consistently demonstrate significant geometric disorder within 

the stacks.63, 67 Adjacent protomolecules demonstrate no favoured rotational alignment, 

allowing for unrestricted lateral slipping along molecular planes. This disorder interrupts 

coherent excitonic structures and expands the distribution of exciton energies. Consequently, 

oscillator strength, which denotes the intensity linked to specific transitions, is distributed 

across a broad energy spectrum instead of being confined to distinct spectral features. 
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Figure 1.10: Geometric order-disorder in various proposed eumelanin sub-structures. (a) 

Tetrameric model (b) Pentameric model and (c) octameric models (d) Monomeric model. Two-

layer stacked structure of the (e) tetrameric model, (f) pentameric model and (g) octameric 

model, respectively. (h) Two-set stacked structure of the monomeric model. Three-layer stacked 

structure of the (i) tetrameric model, (j) pentameric model and (k) octameric model, 

respectively. (l) Three-set stacked structure of the monomeric model (Adapted from ref. 63; 

Copyright © 2014 Springer Nature). 

The interplay of tight stacking (order) and random orientation (disorder) results in two 

key optical properties of eumelanin. Excitonic interactions broaden absorption throughout the 

UV–visible spectrum, whereas geometric disorder blurs distinct peaks, resulting in the smooth, 

featureless envelope characteristic of the pigment. The model effectively accounts for the 

monotonically increasing absorption at higher energies, a characteristic that chemical disorder 

models find challenging to replicate.63 The spectra from disordered excitonic systems exhibit 

compressed transitions at elevated energies, resulting in increased intensity at shorter 

wavelengths. Chemical disorder contributes to the variety of electronic transitions from 
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different molecular species, while geometric disorder elucidates how chemically identical 

oligomers can collectively produce a broadband absorption spectrum in disordered stacks. 

These models demonstrate that the optical properties of eumelanin arise not from molecular 

precision, but from a strategic combination of heterogeneity, packing, and supramolecular 

disorder, which are characteristics that nature seems to have optimized for the development of 

a resilient and effective photoprotective pigment. 

1.6.2. Ultrafast Energy Dissipation 

Eumelanin dissipates absorbed photons through several ultrafast and interconnected pathways 

that collectively govern its excited-state behaviour and photoprotective function (Figure 1.11). 

These include proton‐transfer reactions68-73, internal conversion driven by excitonic 

relaxation74-76, charge and energy transfer between chromophoric units30, 77, photoionization 

and radical formation78-81, intersystem crossing to triplet states82, 83, and vibrational energy 

transfer to the surrounding medium.30 The balance among these pathways depends on 

molecular composition, aggregation, and local environment, ultimately determining whether 

eumelanin acts predominantly as an efficient energy sink or, under certain conditions, a source 

of photochemical reactivity. 

Excited-state proton transfer (ESPT) is one of the most rapid and effective nonradiative 

decay routes in eumelanin precursors containing ortho-hydroxy groups. Following 

photoexcitation, intramolecular proton migration coupled with electronic rearrangement 

redirects energy out of the excited state on femtosecond timescales.68 In DHICA, this 

mechanism dominates singlet-state relaxation and is highly sensitive to solvent and pH71, 

whereas DHI undergoes alternative hydrogen-transfer pathways that lead to characteristic 

picosecond decay kinetics.82 Even in oligomeric and aggregated forms, proton-transfer–

mediated relaxation remains efficient, contributing to eumelanin’s exceptionally low 

fluorescence yields.68, 84 Eumelanin can also generate transient radicals through direct 

photoionization or via ultrafast charge separation processes that often involve proton-coupled 

electron transfer.78-81 Both UV and UVA excitation can produce solvated electrons and radical 

cations almost instantaneously, while ground-state radicals increase under irradiation. Although 

these species form readily, they typically recombine on ultrafast timescales, converting 
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electronic excitation into heat and limiting photochemical damage under physiological 

conditions. Persistent radicals and longer-lived intermediates, however, can emerge under high-

energy excitation and may contribute to phototoxic outcomes. 

 

Figure 1.11. Possible photo-deactivation pathways in natural eumelanin. 

Excitonic interactions within eumelanin aggregates provide a further rapid relaxation 

channel. Strong coupling between chromophores funnels high-energy UV excitations into 

lower-energy states within a few hundred femtoseconds, after which internal conversion returns 

the system to the ground state on picosecond timescales.74-76 Despite strong interchromophore 

interactions, excitons tend to localize within a few nanometres due to energetic disorder, 

limiting long-range migration and promoting efficient local relaxation. This behaviour is a 

defining hallmark of eumelanin-like materials and contributes to their characteristic broadband 

photostability. Charge-transfer dynamics also play a central role.74 Ultrafast formation of CT 

states occurs within tens of femtoseconds, with recombination usually completing within a few 

picoseconds under visible excitation. UV excitation, however, can produce longer-lived CT 

species, reflecting the higher photochemical reactivity at short wavelengths.77 Spectroscopic 

signatures of polarons and polaron pairs further connect eumelanin’s behaviour with that of 
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disordered organic semiconductors, where geminate recombination and localized relaxation 

dominate the excited-state landscape.30 Triplet formation through intersystem crossing (ISC) 

generally represents a minor pathway in eumelanin due to rapid singlet-state relaxation, but it 

does occur under certain structural and excitation conditions. DHI can populate triplet states on 

picosecond timescales, while DHICA largely suppresses ISC through efficient ESPT.82, 85 In 

engineered eumelanin analogues, triplet yields can increase with multimer length, making ISC 

relevant to both energy dissipation and potential phototoxicity.86, 87 

1.7. Open Questions in Eumelanin Chemistry: Challenges and 

Prospects 

Although eumelanin has been studied for more than a century, several fundamental questions 

about its structure and photophysics remain open. Its importance in biology is well established, 

yet the pigment resists many of the standard tools used to characterize biomolecular 

architecture. Two challenges continue to shape the field: defining eumelanin’s structure across 

different length scales and fully understanding the pathways through which it dissipates 

absorbed energy. The structural problem is longstanding. Eumelanin is not a single molecule 

but an ensemble of chemically diverse species derived from DHI, DHICA, and their oxidized 

forms.88 These units polymerize spontaneously, giving rise to mixtures of oligomers and 

aggregates that evolve over time. Their insolubility and tendency to undergo further oxidation 

complicate any attempt at isolation or crystallization. Techniques such as solid-state NMR, 3D 

electron diffraction, and DFT calculations have helped clarify local bonding patterns and some 

aspects of π–π stacking, but we still lack a complete description of how monomers link, how 

oligomers assemble, and how these assemblies relate to the functional nanostructures observed 

in biological eumelanin.89 A unified structural model that connects molecular composition with 

mesoscale organization remains an open goal. 

The second challenge concerns eumelanin’s excited-state dynamics. The pigment 

dissipates energy extremely efficiently, but the specific relaxation channels such as proton 

transfer68, 69, 71, internal conversion90, 91, charge or energy transfer75, 77, radical formation78, 79, 

and intersystem crossing82, operate on overlapping timescales and are sensitive to subtle 
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structural variations. As a result, it is difficult to assign distinct photophysical behaviour to any 

single molecular species within the heterogeneous ensemble. Ultrafast transient absorption, 2D 

spectroscopy, and pulsed EPR have provided important insights, yet correlating these 

measurements with defined structural motifs remains difficult. Establishing such correlations 

is essential for understanding when eumelanin behaves purely as a photoprotective material 

and when it may generate photochemically active species. 

 

Figure 1.12: Overview of the thesis framework linking molecular synthesis, from monomers 

to defined oligomers to photophysical characterization spanning steady-state and ultrafast 

timescales. 

A coherent way forward in addressing the open questions surrounding eumelanin is to 

adopt a top-to-bottom framework that systematically links structure to function (Figure 1.12). 

This begins with well-defined monomers and extends through dimers, higher-order oligomers, 

and finally the supramolecular aggregates that constitute the functional pigment. At each stage, 

structural characterization must be paired with both steady-state and time-resolved 

spectroscopic measurements to follow how electronic interactions evolve with increasing 

molecular complexity. Such an approach allows individual contributions such as, chemical 

composition, coupling motifs, aggregate geometry, and energetic disorder, to be disentangled 

in a controlled manner. By progressively building complexity rather than starting from the fully 

heterogeneous natural material, this strategy offers the best opportunity to resolve how 

eumelanin’s molecular architecture governs its ultrafast excited-state behaviour. Ultimately, a 

top-to-bottom model provides a realistic path toward understanding the pigment as a whole 

while simultaneously enabling the rational design of eumelanin-inspired materials with 

predictable photophysical properties. 

 

Synthesis Photophysics

Monomers → Oligomers Steady-state → Ultrafast
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1.8. Aim and Objectives of the Thesis 

The aim of this thesis is to clarify how molecular structure, aggregation, and excitonic 

interactions shape the photophysical behaviour of eumelanin and related organic systems. 

Although eumelanin plays a central role in biological photoprotection, its properties remain 

poorly understood due to its chemical heterogeneity and complex supramolecular organization. 

This work combines structural analysis, spectroscopy, and computation to connect molecular 

architecture with optical function. 

The specific objectives are: 

1. To define the structural characteristics of key eumelanin building blocks: This includes 

elucidating the molecular and packing structures of DHI, DHICA, and protected indole 

derivatives, which form the basis of higher-order assemblies. 

2. To examine how oligomerisation and aggregation influence excited-state dynamics: Model 

multimers (monomer, dimer, trimer) are used to determine how increasing molecular size 

and proximity affect absorption profiles, excitonic coupling, and ultrafast energy dissipation. 

3. To identify the major pathways of excited-state relaxation: The work investigates how 

internal conversion, proton transfer, charge transfer, and intersystem crossing operate across 

different structural regimes and contribute to efficient energy dissipation. 

4. To extend these insights to designed eumelanin-inspired emitters: By studying HD and BrD, 

the thesis explores how controlled aggregation (J- versus H-type) modulates singlet–triplet 

energetics and the balance between delayed fluorescence and room-temperature 

phosphorescence. 

5. To establish a framework for designing functional organic materials inspired by eumelanin: 

The goal is to translate structure–property relationships into strategies for creating materials 

with tunable photophysical properties. 

These objectives support a top-to-bottom understanding of eumelanin, linking its molecular 

origin to its emergent photoprotective behaviour and technological potential. 
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Chapter 2 

Structural Elucidation and Exciton Coupling in a Key 

Eumelanin Precursor 

Abstract 

Eumelanin, a versatile biomaterial 

found throughout the animal 

kingdom, performs essential 

functions like photoprotection and 

radical scavenging. The diverse 

properties of eumelanin are attributed 

to its elusive and heterogenous 

structure with DHI (5,6-

dihydroxyindole) and DHICA (5,6-dihydroxyindole-2-carboxylic acid) precursors as the main 

constituents. Despite DHICA being recognized as the key eumelanin precursor, its crystal 

structure and functional role in the assembled state remain unknown. Herein, we employ a 

synthesis-driven, bottom-up approach to elucidate the structure and assembly-specifics of 

DHICA, a critical building block of eumelanin. We introduce an interdisciplinary methodology 

to analyse the nanocrystalline assembly of DHICA, employing three-dimensional electron 

diffraction (3D ED), solid-state NMR and density functional theory (DFT), while correlating 

the structural aspects with the electronic spectroscopic features. The results underscore charge-

transfer exciton delocalization as the predominant energy transfer mechanism within the π–π 

stacked and hydrogen-bonded crystal network of DHICA. Additionally, extending the 

investigation to the 13C-labelled DHICA-based polymer improves our understanding of the 

chemical heterogeneity across the eumelanin pigment, providing crucial insights into the 

structure of eumelanin. 
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2.1. Introduction 

Eumelanin, a natural biomaterial, is instrumental in protecting the skin from harmful radiation 

and environmental toxins.92, 93 Eumelanin is recognized for its broadband UV-visible 

absorption and efficiency in dissipating excitation energy, thereby preventing cellular 

damage.15 The structure of eumelanin is highly heterogeneous and ambiguous.10 It is believed 

to consist of a three-dimensional network of interconnected aromatic units, derived from the 

oxidative polymerization of 5,6-dihydroxyindole-2-carboxylic acid (DHICA) and 5,6-

dihydroxyindole (DHI). Chemical and spectral evidence from eumelanin identified so far points 

to different levels of chemical, structural and supramolecular disorder within eumelanin.9, 94, 

95 Characterizing eumelanin proves challenging due to its disordered, amorphous nature and 

insolubility in most common solvents, rendering conventional characterization techniques 

impractical (Table A2.1).6 The challenges associated with the structure elucidation of 

eumelanin have evaded the exact mechanism of energy dissipation and photoprotection in the 

biomaterial. Considering the complexities associated with understanding eumelanin chemistry, 

a bottom-up approach by elucidating the structure and supramolecular assembly of the 

monomeric units is crucial (Scheme 2.1).30, 69-71, 73, 84 

Scheme 2.1: Schematic diagram representing the spontaneous polymerization of DHICA, the 

monomeric unit of eumelanin into the black polymeric DHICA-melanin. 

Detailed knowledge of the interchromophoric interactions between monomers and their 

higher-order assemblies can reveal how non-covalent interactions influence the macroscopic 

properties, providing critical insights into the foundational elements of the bio-pigment.96 

Structure elucidation is also a key factor for determining the electronic coupling within the 
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interacting units, allowing further insights into the exciton dynamics of the eumelanin 

constituents.12 Understanding the inter/intramolecular non-covalent interactions in eumelanin 

monomers could also reveal hints about the oxidative polymerization mechanism, especially 

given their susceptibility to excited state reactions.69, 73 Among the two eumelanin precursors, 

previous experimental and theoretical research has focused mostly on DHI while DHICA 

remains less explored.67, 70, 82, 83, 97-101 Using single-crystal XRD (SC-XRD), the assembly 

pattern of DHI was previously established where DHI forms hydrogen-bonded enantiomeric 

helical stacks with Frenkel exciton delocalisation within the helix.98 However, the requirement 

of suitably large and well-diffracting single crystals is a substantial drawback of structure 

elucidation with SC-XRD. Unlike DHI, obtaining larger diffracting crystals for DHICA is 

difficult owing to the superior polymerization tendency of the eumelanin precursor due to 

which DHICA can only be crystallized as crystals of nanometre size with limited diffraction 

ability.102 Furthermore, conventional crystallographic techniques encounter challenges in the 

case of DHICA due to the inherent disorder, warranting the employment of 3D ED and solid-

state NMR. 

In our prior research, we employed 3D ED and NMR crystallography103, 104 to elucidate 

the structure of a disordered microcrystalline nitroperylenediimide system.105 Our continued 

interest in inspecting the structure–property relationship in eumelanin counterparts motivated 

us to implement 3D ED105, 106, magnetic resonance and electronic spectroscopy along with DFT 

calculations to understand the intricate structure and photophysical properties of DHICA.86, 98, 

107 By utilizing the extensive capabilities of solid-state NMR108, 109, we further extend our 

investigations to the synthesised 13C-labelled polymer of DHICA, i.e., DHICA-melanin. The 

applied multi-level approach attempts to unravel the complexities inherent in a disordered 

material such as eumelanin, opening avenues for advancements in eumelanin chemistry. 

2.2. Results and Discussion 

2.2.1. Synthesis and Optical Properties 

DHICA was synthesized non-enzymatically using l-3,4-dihydroxyphenylalanine (L-DOPA) as 

the starting material, following previous literature with minor modifications to improve the 
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yield (yield = 76%; Scheme A2.1 and Figures A2.1–A2.5).110 13C-labelled DHICA was 

synthesized with selectively 13C-labelled L-DOPA (yield = 71%; Scheme A2.2). The off-white 

powder of DHICA upon solubilizing in milliQ water, resulted in a brown-black solution over 

time. The black powder was collected and centrifuged to obtain DHICA-melanin (Scheme A2.3 

and Figure A2.5). The UV-visible absorption spectrum of DHICA in the solution state ranges 

in the near UV region peaking at 𝜆𝑆1
𝑎𝑏𝑠 = 315 nm and 𝜆𝑆2

𝑎𝑏𝑠 = 200 nm pertaining to the S0→S1 and 

S0→S2 electronic absorption bands respectively (Figure A2.6a).68 The solid-state Kubelka–

Munk diffuse reflectance transformed absorption spectra of DHICA and DHICA-melanin are 

presented in Figure 2.1. 

 

Figure 2.1: UV-visible-NIR diffuse-reflectance transformed absorption spectra of DHICA and 

DHICA-melanin in the solid state. 

The absorption spectrum of DHICA in the solid state is broader with respect to that of 

the monomer and ranges from 𝜆𝑠𝑜𝑙𝑖𝑑
𝑎𝑏𝑠1  = 200–400 nm, while revealing an additional shoulder 

band at 𝜆𝑠𝑜𝑙𝑖𝑑
𝑎𝑏𝑠2  = 400–550 nm which was absent in the monomeric solution. In extended systems 

such as molecular crystals, aggregates or polymers, exciton interactions may occur between 

molecular sites depending on the strength of the electronic coupling, causing differences in the 

photophysics of the aggregate with respect to the isolated molecule.111 The substantial 

differences in the solid-state UV-visible spectra of DHICA compared to the monomeric state 

are suggestive of the intermolecular interactions between the DHICA units in a tightly packed 

molecular environment. The electronic coupling between the DHICA molecules is intrinsic to 

https://pubs.rsc.org/en/Content/ArticleLanding/2024/SC/D4SC05453A#fig1
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the spatial orientation of the chromophores, and to examine the nature of exciton interactions 

in DHICA, the aggregate architecture has to be considered. 

The concentration-dependent UV-visible absorption of DHICA in milliQ water shows 

visible differences at high (aggregate) concentrations of DHICA compared to low (monomer) 

concentrations. The emergence of a broad UV-visible absorption band from 400–600 nm is 

observed with the increase in concentration from 0.01–1.0 mM (Figure A2.6b). The broad red-

shifted absorption band for higher concentrated solutions of DHICA resembles the shoulder 

band in the absorption spectrum in the solid state, pointing to aggregate formation in the high 

concentrated solutions. The effect of aggregation is also evident in the fluorescence emission 

where the emission red-shifts from 𝜆𝑚𝑎𝑥
𝑒𝑚𝑖  = 385 nm in the monomer to 𝜆𝑚𝑎𝑥

𝑒𝑚𝑖  = 397 nm in the 

aggregate (Δλ = 12 nm; Figures A2.6c and A2.6d). Temperature-dependent fluorescence 

measurements show a breakdown of the aggregates at higher temperatures as demonstrated by 

the blue-shift in the fluorescence emission as temperature increases from 10–90 °C (Figure 

A2.7). The formation of larger-sized aggregates was also evident from TEM and DLS 

measurements in higher concentrations of DHICA (Figures A2.8 and A2.9).  

The electronic absorption spectrum of the synthesized polymer of DHICA (DHICA-

melanin) exhibits differences from previously established synthetic melanins.68, 112 The UV-

visible-NIR absorption band of DHICA-melanin shows a peak maximum at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  = 310 nm 

and a broad absorption band covering the entire visible region and tailing towards the NIR 

region (Figure 2.1). The monotonic increase in absorption towards higher energy in DHICA-

melanin is reminiscent of the excitonic model proposed for the broadband absorption of natural 

eumelanin.63 The synthesized DHICA-melanin is distinguished by the absorption in the 1000–

1400 nm range while the previously reported DHICA-melanins have an absorption maximum 

at 320 nm, tailing towards 700 nm. The differences in the absorption spectra between the 

synthesized DHICA-melanins could be due to the formation of higher-order oligomers that co-

exist with the monomer-like units. There could also be extensive π-delocalization within the 

DHICA substructures, leading to stabilization of energy levels in the synthesized DHICA-

melanin, compared to other synthesized eumelanins.25, 59, 113 Similar to the non-emissive nature 
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of naturally derived eumelanin, DHICA-melanin did not display an attributable fluorescence 

emission (Figure A2.10). 

2.2.2. Structure Elucidation using 3D ED and Solid-State NMR 

To comprehend the distinct solid-state UV-visible absorption of DHICA, realization of the 

molecular structure and packing of DHICA is essential. As the polymerization tendency of 5,6-

DHICA prohibits traditional crystallization methods based on slowly oversaturating a solution, 

crystal structure determination needed to be performed with a powder sample. This precluded 

SC-XRD, but the nanocrystalline powder was still suitable for 3D ED (Figures 2.2 and A2.11, 

Table A2.2). Data were recorded on an ELDICO ED-1 electron diffractometer and analysed as 

further detailed in the supporting data. DHICA crystallizes in the triclinic space group P  (a = 

7.49 Å, b = 10.23 Å, c = 10.81 Å, α = 82.27°, β = 87.80°, and γ = 70.10°) with two molecules 

in the asymmetric unit (Table 2.1). Each of the independent molecules are interconnected as in 

chains through extensive hydrogen bonding. Depending on the arrangement of the molecules, 

two types of H-bonded chains, head-to-tail and head-to-head, are identified (Figure A2.12). For 

DHICA, based on the electron diffraction data alone, the position of the nitrogen atom is 

ambiguous due to the low sensitivity of the scattering factors for neighbouring elements. 

 

Figure 2.2: Selected TEM images and electron diffraction patterns obtained for DHICA. 
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Table 2.1: The crystallographic details of 3D ED kinematic refinement against merged data 

from three crystals. 

Parameters DHICA 

a, b, c (Å) 7.49(7), 10.23(9), 10.81(10) 

α, β, γ (°) 82.27(3), 87.79(13), 70.09(13) 

Space group P  

Formula C9H7NO4 

Independent reflections 2729 

Parameters 264 

Restraints (non-H) 0 

Constraints (non-H) 0 

Resolution (Å) 0.83 

Completeness (%) 96.9 

Rint (%) 14.88 

R1 [l > 2σ(l)] (%) 13.65 

wR2 [all data] (%) 36.04 

Goodness of fit 1.09 

To address this challenge in the 3D ED measurements, we employed solid-state NMR 

in conjunction with DFT calculations. Three sets of information are obtained from the solid-

state NMR: (i) chemical shift information related to the electron distribution around the nuclei, 

which is sensitive to molecular packing, (ii) orientation related to the spin–spin coupling 

interactions and (iii) quadrupolar interaction, which is related to the coordination environment 

around the quadrupolar nuclei 14N. 1H NMR, 13C Cross Polarization (13C CP), 2D CP 

Heteronuclear Correlation (2D 13C{1H} CP HETCOR), 1H–1H Double Quantum-Single 

Quantum (DQ-SQ), 2D CP Incredible Natural Abundance Double Quantum Transfer 

Experiment (INADEQUATE), 1H{14N} Dipolar Heteronuclear Multiple-Quantum Coherence 

(1H{14N} DHMQC) and 1H{14N} Resonance-Echo Saturation-Pulse Double-Resonance 

(RESPDOR) along with CASTEP calculations were performed to comprehend the spatial 

arrangement of molecules with respect to each other.  

The 2D 13C{1H} CP HETCOR spectra provide information about the proton–carbon 

correlations, relying on the through-space dipolar couplings. To identify the 1H–1H spin pairs 

in close proximity to each other in DHICA, two dimensional 1H–1H DQ-SQ correlation magic 
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angle spinning (DQ-SQ MAS) NMR experiments were performed (Figure 2.3). The 2D CP 

INADEQUATE spectra rely on J-coupling between adjacent carbon atoms, enabling the 

mapping of through-bond correlations. The presence of the –NH proton in DHICA enables the 

utilization of 14N solid-state NMR, offering insights into the coordination environment of the 

nitrogen species of the molecule.114 The 1H{14N} DHMQC115 and 1H{14N 

RESPDOR116 experiments provide information about the nitrogen environment using proton 

detection. The assignment of 1H and 13C chemical shifts were done using 2D 13C{1H} CP 

HETCOR and 2D CP INADEQUATE spectra obtained on labelled and unlabelled samples of 

DHICA. Additionally, the assignment of solid-state NMR chemical shifts was facilitated by 

solution state NMR and simulation of chemical shifts using the software package CASTEP.117 

 

Figure 2.3: (a) The 2D 13C{1H} cross-polarization heteronuclear correlation (CP HETCOR) 

NMR spectrum of 13C labelled DHICA obtained at a spinning rate of 60 kHz and a magnetic 

field of Bo = 14.1 T, utilizing natural isotopic abundance with a contact time of 5 ms; (b) the 

2D CP INADEQUATE spectrum of 13C labelled DHICA obtained at 60 kHz spinning speed; 
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(c) the 1H–1H DQ-SQ spectrum of the sample collected at 60 kHz with a recoupling time 

corresponding to two rotor cycles; (d) the 1H{14N} DHMQC spectrum of the DHICA monomer 

acquired at a spinning speed of 50 kHz; (E) the one-dimensional slice extracted from the 14N 

dimension of the 1H{14N} DHMQC spectrum. 

The solid-state NMR measurements were performed on two sets of DHICA samples; 

(i) the unlabelled DHICA and (ii) selectively 13C-labelled DHICA (C2 and C3 carbons are 

unlabelled). To gather information about the various carbons in DHICA, solid-state 13C NMR 

is performed (Figure A2.13, Tables A2.3–A2.10). The 13C{1H) CP HETCOR spectrum (Figure 

2.3A) of the 13C labelled DHICA monomer at short contact time has mainly two peaks 

corresponding to C7 and C4 carbons, which appear at 99.25 ppm and 107.70 ppm respectively. 

Among the aromatic carbons, C3 is challenging to observe in the 13C{1H} CP HETCOR 

spectrum of the 13C labelled sample (Figure A2.14). Three types of aromatic C–H cross peaks 

are observed in the 2D 1H{13C} CP HETCOR correlation spectrum at a short contact time of 

0.5 ms on the unlabelled sample. The C–H groups of C3, C4 and C7 appear at 115.39 ppm, 

107.70 ppm and 99.25 ppm respectively. In the CP INADEQUATE spectrum, a correlation of 

C4 carbon with 139.68 ppm and 122.79 ppm is observed. For C7 carbon, a correlation with 

144.50 ppm and 135.61 ppm is observed in the CP INADEQUATE spectrum (Figure 2.3B). 

Five sets of new correlation peaks are observed in the 1H{13C} CP HETCOR spectrum 

collected at a long contact time of 5 ms for the unlabelled DHICA sample.  

The observed 13C chemical shifts at 122.79 ppm, 135.61 ppm, 139.65 ppm and 144.51 

ppm in the long contact times correspond to carbon atoms without directly attached protons. 

The peak corresponding to 135.61 ppm shows a correlation with C7 carbon and a peak at 122.79 

ppm. Similarly, 122.79 ppm shows correlation with C4 carbon and a peak at 135.61 ppm. In 

the 2D CP INADEQUATE spectrum (Figure 2.3B), the peak at 139.65 ppm shows a correlation 

with both C4 carbon and a peak at 144.51 ppm. Similarly, the peak at 144.51 ppm exhibits a 

correlation with both C7 carbon and a peak at 139.65 ppm. Thus, it can be concluded that 

139.65 ppm corresponds to the C5 carbon and 144.51 ppm corresponds to the C6 carbon. The 

carbon on the –COOH group appears at 167.28 ppm and 165.32 ppm and correlation with any 

nearby carbon is not observed in the CP INADEQUATE spectrum due to the absence of nearby 
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labelled carbons. In the proposed packing the –COOH moiety exists in two different 

environments, in one asymmetric unit it exists as a dimer whereas in the other the –COOH is 

in proximity to the –OH group. The carboxylic acid group which is closer to the protons will 

give an intense peak in the CP spectrum relative to the other (Figure A2.14 and A2.15). To 

investigate the –NH group, the 1H{14N} DHMQC and 1H{14N} RESPDOR spectra were 

acquired. The quadrupolar coupling constant (Cq) of the –NH in DHICA is around 4 MHz. 

The 1H{14N} DHMQC spectrum of the precursor L-DOPA and related compounds are also 

shown in the ESI for reference.118 The computed 14N NMR chemical shifts of the NH protons 

using DFT in CASTEP, are slightly different in the two independent DHICA molecules in the 

crystal structure. The RESPDOR 1H{14N} curve of DHICA corresponds to the direct N–H bond 

(Figure 2.3B and 2.3C), in line with the observations made in a standard sample of histidine 

hydrochloride monohydrate (Figure A2.16).119 

In addition to 13C solid-state NMR, 1H solid-state NMR chemical shifts are utilized to 

gain insights into the chemical environments surrounding proton atoms (Figure A2.17). 

Chemical shift data obtained from proton NMR are categorized into four main categories based 

on the functional groups, –OH, –NH, –CH and –COOH. The 1H NMR peaks observed at 9.2, 

7.3, 9.8 and 9.5 ppm are arising from the hydroxyl protons of DHICA. Additionally, the protons 

in the NH group are observed at 8.7 and 8.9 ppm. In the 1H–1H DQ-SQ spectrum (Figure 2.3C), 

a broad autocorrelation peak appears at around 8.7 ppm and 8.9 ppm corresponding to the NH 

protons. Due to peak overlap, distinguishing the various protons in the 1H–1H DQ-SQ spectrum 

is challenging. The aromatic protons appear at around 7.0 ppm in the 1H spectrum and 

corresponding autocorrelation peaks are observed in the 1H–1H DQ-SQ spectrum. The 1H{13C} 

CP HETCOR spectrum at short contact time facilitates the assignment of aromatic protons 

(Table A2.3). The protons on carbon C3 were assigned using the 13C{1H} CP HETCOR 

spectrum of the unlabelled sample, which corresponds to 7.1 ppm. The protons on C4 and C7 

correspond to 7.4 and 7.3 ppm respectively.  

The 1H NMR peak appearing at 14.5 ppm in the 13C{1H} CP HETCOR spectrum at a 

short contact time aligns with the DFT calculated chemical shift of the carboxylic acid proton 

(Figure A2.14). In 13C{1H} CP HETCOR at a long contact time of 5 ms (Figure 2.3A), a proton 
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chemical shift is observed at 13.4 ppm, correlating with a carbon chemical shift of 167.28 ppm. 

The root mean square deviation (RMSD) between the 1H chemical shifts observed in solution-

state and solid-state NMR is calculated to be 1.4 ppm. The observed longitudinal relaxation 

time (T1) for carboxylic acid protons is 5 s and that of aromatic protons is 7 s (Figure A2.18). 

The peak appearing at around 1.0 ppm is possibly due to the trace amounts of hexane residue 

retained in the sample during purification. 

Table 2.2: Comparison of the relative energies and 13C RMSD values derived from four 

different possible structures obtained through 3D ED. 

Label Relative energy (kcal mol−1) 13C RMSD (ppm) 

Case A 0.00 1.58 

Case B 6.02 4.92 

Case C 4.39 5.40 

Case D 7.74 7.18 

The 13C{1H} CP HETCOR spectrum obtained with long contact time provide details 

regarding both intermolecular and intramolecular correlations, pointing towards the distance 

constraints (Figures 2.3A and A2.19). Though the chemical shifts are distinguishable, it is 

difficult to differentiate between inter and intramolecular correlations in the case of DHICA. 

But the chemical shift is sensitive to the packing, and it is a valuable tool to understand the 

spatial arrangement of the molecules. Four distinct model cases (A, B, C and D) were devised 

to account for the uncertainties identified in the 3D ED measurements (Figure A2.20 and Tables 

2.2, A2.3–A2.10). These cases account for the possible orientations related to the flipping 

around of the long axis of the two independent DHICA molecules. Subsequently, DFT 

calculations, along with NMR chemical shift predictions using CASTEP, were performed for 

each model.  

Among the four cases, case A demonstrated the lowest root mean square deviation 

(RMSD) of 1.58 ppm in the 13C chemical shift (Tables A2.3–A2.11). Similar to the 13C 

chemical shift, the 1H chemical shift is also sensitive to packing and can be compared with the 

simulated chemical shift. The obtained 1H RMSD for case A is 0.34 ppm. The calculated 

energies show a minimum for case A in line with the RMSD of the 13C chemical shift (Table 

2.2). Inspection of the structure reveals that this orientation has the closest interchain N–H⋯O 
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contacts for both the DHICA units (Figure A2.21). Case A was thus used for the final structure 

refinement which is presented further. 

2.2.3. Insights into the Molecular Packing 

DHICA crystallized in the P  space group (Table 2.1). Hydrogen bonding and π–π stacking are 

identified as the dominant interactions in the DHICA crystal architecture (Figure 2.4). Among 

hydrogen bonding, both conventional and unconventional hydrogen bonds are recognized in 

the crystal packing. Each of the DHICA stacks are linked by C⋯C contacts along the a-axis 

while inter-stacks are connected by O⋯H and C⋯H contacts. The crystalline assembly is 

propagated through co-linear stacks (θ = 0.00°) directed by O⋯H contacts as well as near-

orthogonal stacks (θ = 83.91°) led by C⋯H contacts (Figure 2.4 and A2.22). Six dimers (D1–

D6, Figure A2.23) are identified within the crystal packing where D1, D2, and D3 are π–π 

stacked while D4, D5, and D6 are H-bonded. Hirshfeld surface analysis120 enumerates the 

H⋯H (29.3%), O⋯H (19.5%), C⋯C (10.1%) and C⋯H (7.3%) contacts which majorly 

contribute to the crystal packing in DHICA (Figure A2.24). The crystal assembly of DHICA 

exhibits extensive π–π stacking, which is not found in the packing of the other eumelanin 

monomer, DHI.98 DHI exhibited extended hydrogen bonding between its hydroxyl substituents 

resulting in a helical assembly. A herringbone packing motif was observed in DHI whereas the 

π–π stacking influences DHICA to pack in the beta motif. 

Efficient molecular self-assembly relies on the recognition among intermolecular 

functionalities, typically resulting in the creation of smaller repeating units or supramolecular 

synthons. The supramolecular synthons in the DHICA crystals were analysed by using Bader's 

quantum theory of atoms in molecules (QTAIM) analysis.121 The (3 + 1) ring critical points 

were identified in each of the hydrogen bonded dimers (Figure A2.25 and A2.26). The synthons 

in D1–D3 dimers are facilitated by C⋯C–H, C⋯N–H, C⋯O–H and O⋯C–C contacts while in 

D4–D6 dimers, synthon formation is orchestrated by the hydrogen bonds between the –COOH 

and –OH groups. Notably, the D6 dimer demonstrated resonance assisted hydrogen bonding 

(RAHB) with greater energetic stability (Figure A2.27). Resonance assisted hydrogen bonds 

(RAHBs) are particularly strong hydrogen bonds present in uncharged molecules, where the 

conjugated bonds display an equalization of lengths through a pseudo-ring.122 Along with 
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RAHB, bifurcated hydrogen bonding, previously discovered in DHI crystals are also observed 

in the D6 dimer of DHICA (Figure A2.27). 

 

Figure 2.4: (a) The crystal packing of DHICA showing the near-perpendicular orientation of 

the π–π stacks; (b) π–π stacked dimers connected to the adjacent stack through hydrogen 

bonding. 

Truncated symmetry adapted perturbation theory (SAPT(0)) analysis123 of DHICA 

dimers reveals a notable increase in stabilization for the D6 dimer (ESAPT(0)
int = –25.75 kcal 

mol−1, Table A2.12). This enhancement may be attributed to the presence of an eight-membered 

supramolecular synthon within the dimer, as outlined in Figure A2.26. The overall stabilization 

of the D6 orientation results from a more substantial contribution of electrostatic (Eelc
SAPT(0) = 

–36.46 kcal mol−1) and induction (Eind
SAPT(0) = –17.83 kcal mol−1) energies to the total SAPT 

energy. The prominent role of RAHB and bifurcated hydrogen bonding in forming the D6 
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synthon clarifies the energy stability observed for the D6 dimer in the SAPT(0) analysis with 

respect to other dimer orientations. The conventionally hydrogen bonded dimers D1 and D2 

are mostly stabilized by electrostatic energies while dispersion energies contribute the most to 

the total stabilization energies of the π–π stacked dimers (D1–D3). 

2.2.4. Exciton Interactions within the Molecular Assembly 

The molecular architecture of the eumelanin precursor herein presents a valuable framework 

for understanding the underlying mechanisms of energy dissipation responsible for the 

characteristic photo-functionality of eumelanin. Previous experimental and theoretical studies 

have implied the presence of excitation energy transfer phenomena within eumelanin.74, 77, 

124 The efficiency of energy transfer between assembled chromophores is dictated by the 

intrinsic electronic coupling over both short and long distances.54 The long-range coulombic 

coupling stems from the relative orientation of transition dipoles of individual monomers 

(Equation A2.2).51, 125, 126 At lower interchromophoric separations, additional contributions due 

to charge transfer coupling (JCT) are also instrumental to the overall electronic coupling 

(Equation A2.3).51, 125 The calculated coulombic and charge transfer coupling constants are 

given in Table 2.3. While coulombic coupling is prominent in all of the dimers (D1–D6), charge 

transfer coupling contributes the most in the case of the stacked dimers D1, D2 and D3. Among 

the π–π stacked dimers, the D1 dimer with an intermolecular distance of dπ–π = 3.33 Å exhibits 

the highest values of electron (te = 0.146 eV) and hole transfer integrals (th = −0.164 eV), 

facilitating a higher quotient of CT coupling (JCT = 0.157 eV). Fragment-based excited-state 

analysis by Plasser was employed to investigate the exciton delocalization within DHICA units 

in the crystalline structure using the TheoDORE package (Tables A2.13–A2.18).127 

The degree of exciton delocalization among the fragment units is assessed through the 

participation ratio (PR). The level of involvement of fragments in exciton delocalization is 

represented by the mean position, denoted as the POS value, which signifies the extent of 

participation of one or more units. The classification of excited states into charge transfer or 

Frenkel is determined by the CT number, which tends towards one for pure charge transfer 

states and towards zero for pure Frenkel states. In dimers D1, D2, and D3, exhibiting significant 

orbital overlap, the higher excited states show high CT character (CTD1 = 0.86, PRD1 = 2.00; 
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CTD2 = 0.91, PRD2 = 2.00; CTD3 = 0.88, PRD3 = 1.99) suggesting the excitation energy transfer 

of the charge transfer excitons within the π–π stacked units in the crystalline assembly.  

Table 2.3: Calculated coulombic (JCoul) and charge transfer coupling (JCT), along with the hole 

(th) and electron (te) transfer integrals for the π–π stacked (D1–D3) and the hydrogen-bonded 

(D4–D6) dimers of DHICA. 

Dimer te (eV) th (eV) JCT (eV) JCoul (eV) 

D1 0.146 −0.164 0.157 −0.123 

D2 0.181 −0.096 0.081 −0.488 

D3 0.043 0.149 −0.017 −0.009 

D4 0.025 −0.022 0.000 −0.097 

D5 0.024 0.010 0.000 0.066 

D6 0.017 0.081 −0.002 0.115 

Conversely, hydrogen-bonded dimers D3, D5, and D6 display minimal CT character in 

the excited states, indicating their limited contribution to CT exciton generation and subsequent 

delocalization within the crystalline structure. The strong exciton coupling in the π–π stacks 

promotes the delocalization of excitons, ultimately leading to efficient charge transfer by 

channelling the excitation energy within the stack. The charge-density difference plots for the 

excited states also depict the delocalised excitons within the D1-D3 dimers (Figure A2.28). The 

remarkable topology and significant charge transfer characteristics of DHICA signify the 

uniquely efficient energy transfer mechanism adopted by the DHICA monomer architecture 

compared to that of DHI, reminiscent of the diverse energy funnelling mechanisms in 

eumelanin/eumelanin-like materials.30, 77, 128 

2.2.5. Probing DHICA-melanin with Solid-state NMR 

Having established the molecular assembly and spectroscopic features of the key eumelanin 

monomer, DHICA, we analyse the structure of the polymer of DHICA, that is, DHICA-

melanin. DHICA-melanin exhibits an amorphous nature, and is insoluble in most common 

solvents, posing challenges for conventional characterization techniques. The amorphous 

nature of DHICA-melanin is evident from the broad peak observed in the PXRD pattern (Figure 

A2.29) as well as the absence of diffraction patterns in 3D ED experiments. However, by 
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extending the solid-state NMR experiments previously discussed for DHICA, we can gain 

insights into the molecular structure of DHICA-melanin (Tables A2.19 and A2.20). 

The 13C{1H} CP HETCOR experiments along with CP INADEQUATE (Figure 2.5A) 

experiments were performed on 13C labelled samples to fully assign the chemical shifts in 

DHICA-melanin (Figures A2.30–A2.33). 

 

Figure 2.5 (a) The 2D CP INADEQUATE spectrum of 13C selectively labelled DHICA-

melanin showing the correlation between the adjacent carbon atoms. (b) The 2D 13C{1H} CP 

HETCOR NMR spectrum of DHICA-melanin at a spinning speed of 60 kHz and a magnetic 

field strength of Bo = 14.1 T; (c) the 1H{14N} DHMQC spectrum of DHICA-melanin collected 

at 50 kHz spinning speed. 

A comparison of the solid-state 1H NMR spectra of DHICA and DHICA-melanin is 

shown in Figure A2.17. The two-dimensional 13C{1H} CP HETCOR spectrum of DHICA-

melanin at short contact time shows the CH carbons (Figure 2.5). As expected, the 13C{1H} CP 

HETCOR spectrum of DHICA-melanin exhibits broader features relative to the monomer, 

reflecting the amorphous nature of DHICA-melanin. The 13C{1H} CP HETCOR spectrum 

acquired with long contact time, assists in identifying all the individual carbon atoms within 

DHICA-melanin. To resolve the individual carbon peaks, CP INADEQUATE spectrum was 

collected for 13C labelled DHICA-melanin. While most correlations observed in DHICA are 

also present in DHICA-melanin, there is a noticeable distribution of chemical shifts for C7 in 

DHICA-melanin. The localized broadening observed at around C7 may reflect variations in the 

packing of melanin units or the presence of multiple conformational states. A similar 
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broadening is seen for C4, which could also be attributed to disorder. To further elucidate the 

potential heterogeneities in the structure and packing of DHICA-melanin, advanced theoretical 

calculations are necessary. 

The carboxylic acid proton which appeared at around 13.4 ppm in DHICA is not present 

in DHICA-melanin. The 13C{1H} CP HETCOR correlation peak at 160 ppm indicates that the 

carbonyl group is in proximity to protons on the hydroxyl group. The peak observed at 145.2 

ppm in the HETCOR correlation spectrum of DHICA-melanin is in line with the observation 

of a peak at 145.60 ppm in DHICA, which belongs to C6 carbon. In the case of C8 and C9 

carbons in the monomer, peaks appear at 135.61 ppm and 122.79 ppm, respectively, whereas 

in DHICA-melanin, these peaks shift to 132.92 ppm and 121.65 ppm. To understand about the 

nitrogen environments, 1H{14N} DHMQC spectrum were acquired at various recoupling times. 

The broad 1H{14N} DHMQC spectrum suggests the presence of more than one nitrogen species 

in the system, primarily attached to protons, as indicated by the experiments conducted with a 

short recoupling time of 80 μs (Figure 2.5C). The NH peaks shift from 9.0 ppm to 10.0 ppm 

and 10.7 ppm clearly showing the formation of new nitrogen species in DHICA-melanin. 

Compared to the 1H{14N} DHMQC spectrum of histidine hydrochloride monohydrate and L-

DOPA, the broad peak is possibly a combination of different nitrogen environments (Figure 

A2.34). 

The FT-IR spectrum of DHICA has a prominent N–H stretching band at 3435 cm−1, a 

broad O–H and COO–H stretching band at 3265 cm−1 and aromatic sp2-hybridized C–H 

stretching peaks.129 In the case of DHICA-melanin, in addition to the N–H and O–H stretching 

bands, a sp3-hybridized C–H stretching peak is observed at 2980 cm−1. The sp3-hybridized C–

H bending, which is not found in DHICA is another prominent vibrational mode in the FT-IR 

spectrum of DHICA-melanin (Figure 2.5), corroborating the presence of saturated indoline 

products along with indole moieties.130, 131 Additionally, the scanning electron microscope 

(SEM) images of DHICA-melanin exhibited a lamellar morphology with superficial attachment 

of globular particles on the surface (Figure A2.35). Comprehensive insights into the structure 

of DHICA-melanin will necessitate the application of advanced NMR and theoretical methods, 

which could be a potential direction for future research. 
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2.3. Conclusion 

To conclude, the detailed structure and excitonic properties of DHICA, a critical yet 

underexplored constituent of eumelanin is elucidated in this work. DHICA crystallizes in an 

antiparallel stacking arrangement within a hydrogen-bonded network and exhibits the P  space 

group with unit cell parameters of a = 7.49 Å, b = 10.23 Å, c = 10.81 Å, α = 82.27°, β = 87.80°, 

and γ = 70.10 Å. One of the challenges in correlating the photophysics of DHICA with its 

structure lies in the difficulty in crystallizing DHICA, which is hindered by its inherent disorder 

and nanocrystalline nature. Hence, we employed an interdisciplinary approach integrating 3D 

ED, solid-state NMR and DFT calculations to solve the crystal structure of DHICA. The 

ambiguity in the orientation of the N–H group of DHICA in 3D ED experiments was addressed 

by generating a library of structures with solid-state NMR and DFT calculations. The broad 

absorption spectrum of DHICA in the solid state is due to the significant charge transfer and 

coulombic coupling within the crystal architecture of DHICA.  

Charge transfer exciton delocalization within the π–π stacks of DHICA serves as the 

major energy dissipation channel within the crystalline assembly of the eumelanin precursor, 

as suggested by fragment based excited state analysis. A series of solid-state NMR experiments 

was performed to get an insight into the structure of the insoluble polymer of 13C labelled 

DHICA, i.e., DHICA-melanin. Distribution of chemical shifts at the C7 carbon and multiple 

nitrogen species has been recognized from the solid-state NMR spectra of 13C-labelled DHICA-

melanin. Advanced solid-state NMR experiments, coupled with theoretical modelling, will be 

required to enhance our understanding of the intricate structure of eumelanin. Extending our 

methodology to other members of the melanin family could be intriguing and holds promise 

for advancing melanin-centred biomedical research. 

2.4. Experimental Section 

2.4.1. Syntheses and Characterization 

2.4.1.1. Synthesis and characterization of DHICA 

L-DOPA (1 g, 5 mmol) in water (500 mL) was stirred under argon while a degassed solution of 
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K3[Fe(CN)6] (6.6 g, 20 mmol) and NaHCO3 (2.5 g, 30 mmol) in water (60 mL) was added 

slowly. After 2 min, 1 M NaOH (70 mL) was added, and the mixture was stirred for 15 min to 

promote oxidative cyclization. Na2S₂O5 (5 g, 26 mmol) was added, and the product was 

extracted with ethyl acetate, washed with saturated NaCl, dried over Na2SO4, and concentrated. 

Addition of hexane yielded DHICA (76%). 

 

Scheme A2.1: Reaction scheme for the synthesis of DHICA from L-DOPA. 

1H NMR (500 MHz, CH3COCH3, ppm) δ = 10.83 (s, 1H), 10.36 (s, 1H), 7.97 (s, 1H), 7.79 (s, 

1H), 7.03 (s, 1H), 6.98 (s, 1H), 6.96 (s, 1H). 

13C NMR (125 MHz, CDCl3, ppm) δ = 163.9, 146.2, 141.7, 133.2, 125.7, 120.7, 107.9, 104.6, 

96.2. 

HRMS (APCI) m/z calculated for [(M–H)–]; 192.0302; found 192.0292. 

13C-labelled DHICA was prepared analogously from 13C-L-DOPA (0.2 g, 1 mmol) 

(Yield = 71%). 

 

Scheme A2.2: Reaction scheme for the synthesis of 13C-labelled DHICA from 13C-labelled L-

DOPA. 

2.4.1.2. Synthesis of DHICA-melanin 

DHICA (500 mg) was dissolved in 200 mL Milli-Q water and stirred at ambient conditions for 

7 days, during which the solution turned black. The mixture was centrifuged (8000 rpm), and 

the brown supernatant was discarded. The precipitate was washed repeatedly with Milli-Q 

water until the supernatant was clear, followed by multiple acetone washes. The black solid 
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was air-dried to yield 100–150 mg of DHICA-melanin. 

Scheme A2.3: Reaction scheme for the synthesis of unlabelled and 13C labelled DHICA-

melanin. 

2.5. Additional Figures 

 

Figure A2.1: The chemical structure of 5,6-dihydroxyindole-2-carboxylic acid (DHICA) along 

with numbering scheme used in the manuscript. 

 

Figure A2.2: Solution-state 1H-NMR spectra of DHICA. 
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Figure A2.3: Solution-state 13C-NMR of DHICA. 

 

Figure A2.4: The HRMS spectrum of DHICA. 
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Figure A2.5: FT-IR spectra of a) DHICA and b) DHICA-melanin in KBr pellets. 

 

Figure A2.6: a) UV-Vis absorption spectrum of DHICA in milliQ water (10 μM); b) 

Concentration dependent absorption spectra of DHICA in water (10 μM-1 mM), showing the 
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emergence of the aggregate band as concentration increases; c) Concentration dependent 

fluorescence spectra of DHICA in water (10 μM-1 mM); d) Normalized fluorescence spectra 

of DHICA in water at 10 μM and 1 mM, showing the red-shift in the fluorescence maxima with 

increase in concentration. 

 

Figure A2.7: Temperature dependent fluorescence emission of DHICA in water at 1 mM 

concentration. 

 

Figure A2.8: TEM images of a) 100 μM DHICA and b) 1 mM DHICA in water, showing the 

aggregate formation at higher concentrations. 
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Figure A2.9: DLS size profiles of a) 100 μM DHICA and b) 1 mM DHICA in water, showing 

the aggregate formation with increase in particle size at higher concentrations. 

 

Figure A2.10. Fluorescence emission spectrum of DHICA-melanin in the solid state at different 

excitation wavelengths. 

 

Figure A2.11: The powder X-ray diffraction pattern of DHICA collected at room temperature. 
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Figure A2.12: Two different chain motifs in the crystalline assembly of DHICA: head-to-tail 

(top), head-to-head (bottom). Motifs correspond to the two independent molecules and are 

uniform within each layer. 

 

Figure A2.13: Comparative 13C Cross-Polarization solid-state NMR spectra of unlabelled 

DHICA monomer at -30°C and a spinning rate of 24 kHz, recorded at contact times of 0.1 ms 

(bottom) and 1 ms (top). Two clearly distinguishable sets of peaks are observable for the 

carboxylic acid group, suggesting that molecules are present in two asymmetrical locations. 

 

Figure A2.14: The two dimensional 1H-13C HETCOR spectra of a) 13C labelled DHICA and b) 

unlabelled DHICA collected at a contact time of 0.1 ms. 
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Figure A2.15: Comparative 13C Cross-Polarization solid-state NMR spectra of unlabelled and 

13C labelled DHICA monomer at -30°C and a spinning rate of 24 kHz and 60 kHz respectively.  

 

 

Figure A2.16: The 1H{14N} RESPDOR curve of histidine hydrate monochloride obtained at a 

spinning speed of 60 kHz. 
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Figure A2.17: The solid-state 1H NMR spectra of DHICA and DHICA-melanin. The marked 

positions (dotted vertical lines), correspond to chemical shift assignments of the hydroxyl 

protons of DHICA, based on DFT calculations. A shift towards higher field in the chemical 

shift is observed for the main aromatic peak. An aliphatic peak is also seen at around 1 ppm. 

DHICA is precipitated out using hexane and washed with hexane to give the off-white powder. 

The aliphatic peaks at 1.29 and 0.88 ppm are probably due to the trace amounts of hexane. The 

absence of these same proton signals in the 1H-13C HETCOR spectra may be attributed to the 

mobility of hexane. 

 

Figure A2.18: The 1H{14N} RESPDOR curve of DHICA along with the simulation using 

simpson. Relative low dephasing compared to histidine might be due to the overlap of proton 

peaks. 
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Figure A2.19: Pulse sequence used for the solid-state NMR measurements a) 1H{13C} CP 

HETCOR b) 1H{14N} DHMQC and c) 1H{14N} RESPDOR. 

 

Figure A2.20: The four different cases used for the DFT calculation and NMR chemical shift 

prediction of DHICA (top: asymmetric unit, bottom: packing). 

 

Figure A2.21: Interchain N-H•••O contacts for the DHICA units. 
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Figure A2.22: a) The near-orthogonal and b) co-linear stacks in the crystal assembly of 

DHICA. 

 

Figure A2.23: Different orientations of DHICA motifs in the crystal. a) π-π stacked dimers 

(D1–D3) and b) the hydrogen-bond directed dimers (D4-D6) observed in the crystal. 

a) b)
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Figure A2.24: Hirshfeld surface plot for a) contacts from all elements, b) contacts from O, c) 

contacts from N, d) contacts from C and e) contacts from H. 

 

Figure A2.25: QTAIM electron density maps showing the synthon formation from π-π stacking 

in DHICA dimers a) D1, b) D2 and c) D3. 
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Figure A2.26: QTAIM electron density maps showing the synthon formation from hydrogen 

bonding interactions in DHICA dimers a) D4, b) D5 and c) D6. 

 

Figure A2.27: The D6 dimer in DHICA showing a) resonance assisted hydrogen bond 

(RAHB); b) bifurcated hydrogen bonding. 

a) b)

a) b)
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Figure A2.28: The charge-density difference plots (iso-value=0.0008 e-bohr-3) for a) D1 dimer, 

b) D2 dimer and c) D3 dimer. The red represents the positive and blue represents negative 

values respectively. 

 

Figure A2.29: The powder X-ray diffraction pattern of DHICA-melanin collected at room 

temperature. 
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Figure A2.30: The 13C Cross-Polarization solid-state NMR spectra of unlabelled DHICA-

melanin at -30°C with a spinning rate of 24 kHz. Spectra were collected at two different contact 

times: 0.1 ms (bottom) and 4 ms (top). With longer contact times, new correlation peaks begin 

to appear, mostly from the quaternary carbons in the 120–160 ppm range. 

 

Figure A2.31: The 1H-13C HETCOR spectra of the unlabelled DHICA-melanin collected at a 

contact time of a) 0.1 ms b) 2 ms at 24 kHz spinning speed. At long contact time new correlation 

with quaternary carbons and carbonyl group is observed. Aliphatic peaks are observed in the 

1H-13C HETCOR spectra, which could be from the unlabelled carbons in the polymer 

suggesting the presence of saturated indoline(s). 
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Figure A2.32: The 2D 1H dipolar double-quantum – single-quantum (DQ-SQ) spectrum of 

DHICA-melanin collected at 60 kHz spinning speed. A correlation is observed between the 

aliphatic peak and the aromatic peak indicating the spatial proximity. 

 

Figure A2.33: The 1H{14N} DHMQC spectra of A) Histidine hydrate monochloride B) 

Histidine C) L-DOPA[1] and D) DHI. The quadrupolar coupling constant Cq for the histidine 

and L-DOPA is around 1 MHz. 
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Figure A2.34: The 1H-NMR spectra of L-DOPA in DMSO-d6 solvent. 

 

Figure A2.35: a) The SEM image and b) optical image of DHICA-melanin. 

2.6. Additional Tables 

Table A2.1: Previous attempts to elucidate the structure of eumelanin and its precursors. 

Contributed by Journal Methods employed to identify 

the aggregate structure 

Meredith and 

coworkers 

Soft Matter, 2009, 5, 

3754-3760 

Low voltage–high resolution 

transmission electron microscopy 

Bielawski, Paul, 

Freeman and coworkers 

Langmuir, 2012, 28, 

6428–6435 

Solid state 15N and 13C-NMR, 

PXRD 

Buehler and coworkers Nat. Commun., 2014, 

5, 3859 

First-principles computational 

investigation 

Warren and coworkers ACS Nano, 2018, 12, 

12050–12061 

Transmission electron microscopy 

and pump-probe spectroscopy 

a) b)
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Kohler and coworkers Chem. Sci., 2020, 11, 

1248-1259 

Transmission electron microscopy 

and pump-probe spectroscopy 

Hariharan and 

coworkers 

Chem. Sci., 2022, 13, 

2331-2338 

Single-crystal X-ray diffraction 

Hariharan, Thomas and 

coworkers 

Chem. Sci., 2024, 15, 

16015-16024 

3D ED, solid-state NMR, DFT 

calculations 

Table A2.2: 3D ED data collection details for the DHICA crystals used in refinement. 

No. 
Approximate 

size [µm] 

Angular 

range [°] 

Rotation 

per frame 

[°] 

Exposure 

time [s] 

Total 

exposure 

[s] 

Frames 

measured 

1 0.4 x 0.3 x 0.2 −30 to +70 1 1 100 100 

2 0.4 x 0.4 x 0.3 −60 to +50 1 1 110 110 

3 0.5 x 0.3 x 0.2 −60 to +60 1 1 120 120 

Table A2.3: The predicted 13C NMR chemical shift and root mean square deviation for the case 

A. 

Numbering 

scheme 

Solution 

state NMR 

δiso,sol (ppm) 

Solid state 

NMR δiso,expt 

(ppm) 

Chemical 

shielding  

(ppm)  

Predicted 

chemical 

shift δiso,cal 

(ppm) 

C2 125.7 125.05 47.84 123.89 

C3 107.9 115.39 60.49 111.24 

C4 104.6 107.70 63.9 107.83 

C5 146.2 139.68 32.11 139.62 

C6 141.7 144.51 25.96 145.77 

C7 96.2 99.25 76.38 95.35 

C8 133.2 135.61 37.34 134.39 

C9 125.7 122.79 48.02 123.71 

C10 163.9 167.28 4.80 166.93 

C2' 125.7 123.09 49.04 122.69 

C3' 107.9 115.39 57.33 114.40 

C4' 104.6 107.70 65.12 106.61 

C5' 146.2 139.68 31.02 140.71 

C6' 141.7 144.51 27.24 144.49 

C7' 96.2 97.59 73.71 98.02 

C8' 133.2 135.61 37.51 134.22 
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C9' 125.7 122.79 49.47 122.26 

C10' 163.9 165.32 7.70 164.03 
   RMSD 1.58 

Table A2.4: The predicted 13C NMR chemical shift and root mean square deviation for the case 

B. 

Numbering 

scheme 

Solution 

state NMR 

δiso,sol (ppm) 

Solid state 

NMR δiso,expt 

(ppm) 

Chemical 

shielding 

 (ppm) 

Predicted 

chemical shift 

δiso,cal (ppm) 

C2 125.7 125.05 46.72 124.74 

C3 107.9 115.39 55.75 115.71 

C4 104.6 107.70 73.96 97.50 

C5 146.2 139.68 27.69 143.77 

C6 141.7 144.51 30.21 141.25 

C7 96.2 99.25 66.43 105.03 

C8 133.2 135.61 47.38 124.08 

C9 125.7 122.79 37.81 133.65 

C10 163.9 167.28 5.30 166.16 

C2' 125.7 123.09 48.57 122.89 

C3' 107.9 115.39 58.53 112.93 

C4' 104.6 107.7 64.46 107.00 

C5' 146.2 139.68 30.63 140.83 

C6' 141.7 144.51 26.67 144.79 

C7' 96.2 97.59 74.89 96.57 

C8' 133.2 135.61 37.62 133.84 

C9' 125.7 122.79 49.00 122.46 

C10' 163.9 165.32 8.49 162.97 
  4.92 

 

Table A2.5: The predicted 13C NMR chemical shift and root mean square deviation for the case 

C. 

Numbering 

scheme 

Solution state 

NMR δiso,sol 

(ppm)) 

Solid state 

NMR δiso,expt 

(ppm) 

Chemical 

shielding 

(ppm) 

Predicted 

chemical shift 

δiso,cal (ppm) 

C2 125.7 125.05 47.12 124.52 

C3 107.9 115.39 59.78 111.86 
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C4 104.6 107.70 64.65 106.99 

C5 146.2 139.68 31.73 139.91 

C6 141.7 144.51 26.58 145.06 

C7 96.2 99.25 76.45 95.19 

C8 133.2 135.61 37.74 133.90 

C9 125.7 122.79 47.99 123.65 

C10 163.9 167.28 4.47 167.17 

C2' 125.7 123.09 49.51 122.13 

C3' 107.9 115.39 56.23 115.41 

C4' 104.6 107.70 73.7 97.94 

C5' 146.2 139.68 26.18 145.46 

C6' 141.7 144.51 30.44 141.20 

C7' 96.2 97.59 64.68 106.96 

C8' 133.2 135.61 48.48 123.16 

C9' 125.7 122.79 38.72 132.92 

C10' 163.9 165.32 8.75 162.89 
 RMSD 5.40 

Table A2.6: The predicted 13C NMR chemical shift and root mean square deviation for the case 

D. 

Numbering 

scheme 

Solution state 

NMR δiso,sol 

(ppm) 

Solid state 

NMR δiso,expt 

(ppm) 

Chemical 

shielding 

(ppm) 

Predicted 

chemical shift 

δiso,cal (ppm) 

C2 125.7 125.05 46.3 125.32 

C3 107.9 115.39 58.08 113.54 

C4 104.6 107.70 75.08 96.54 

C5 146.2 139.68 27.26 144.36 

C6 141.7 144.51 30.84 140.78 

C7 96.2 99.25 66.10 105.52 

C8 133.2 135.61 47.55 124.07 

C9 125.7 122.79 37.93 133.69 

C10 163.9 167.28 4.87 166.75 

C2' 125.7 123.09 49.68 121.94 

C3' 107.9 115.39 56.93 114.69 

C4' 104.6 107.7 73.43 98.19 

C5' 146.2 139.68 25.70 145.92 

C6' 141.7 144.51 29.60 142.02 

C7' 96.2 97.59 66.41 105.21 
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C8' 133.2 135.61 48.77 122.85 

C9' 125.7 122.79 38.66 132.96 

C10' 163.9 165.32 9.74 161.88  
RMSD 7.18 

Table A2.7: The predicted 1H NMR chemical shift and root mean square deviation for the case 

A. 

Numbering 

scheme 

Solution 

state NMR 

δiso,sol (ppm) 

Solid state 

NMR δiso,expt 

(ppm) 

Chemical 

shielding 

(ppm) 

Predicted 

chemical shift 

δiso,cal (ppm) 

1NH 10.36 8.9 21.09 8.84 

3 7.05 7.1 23.05 6.88 

4 7.00 7.4 23.11 6.82 

5 OH 7.78 9.2 20.68 9.25 

6 OH 7.97 7.3 22.91 7.02 

7 6.98 7.3 23.05 6.88 

COOH 10.71 14.5* 14.94 14.99 

1'NH 10.36 8.7 21.23 8.70 

3' 7.05 6.5 23.77 6.16 

4' 7.00 6.8 22.81 7.12 

5' OH 7.78 9.8 19.90 10.03 

6' OH 7.97 9.5 20.09 9.84 

7' 6.98 6.8 23.21 6.72 

COOH' 10.71 10.2 19.13 10.80 

RMSD 0.34 

*The COOH peak assigned to 13.4 ppm based on the 1H{13C} HETCOR spectrum with a long 

contact time of 5 ms, results in an RMSD of 0.52. 

Table A2.8: The predicted 1H NMR chemical shift and root mean square deviation for the case 

B. 

Numbering 

scheme 

Solution 

state NMR 

δiso,sol (ppm) 

Solid state 

NMR δiso,expt 

(ppm) 

Chemical 

shielding 

 (ppm) 

Predicted 

chemical shift 

δiso,cal (ppm) 

1 10.36 8.9 21.87 8.03 

3 7.05 7.1 22.65 7.25 

4 7.00 7.4 23.06 6.84 
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5 OH 7.78 9.2 20.44 9.46 

6 OH 7.97 7.3 23.4 6.50 

7 6.98 7.3 22.74 7.16 

COOH 10.71 14.5* 14.15 15.75 

1' 10.36 8.7 21.88 8.02 

3' 7.05 6.5 23.67 6.23 

4' 7.00 6.8 22.74 7.16 

5' OH 7.78 9.8 19.72 10.18 

6' OH 7.97 9.5 19.96 9.94 

7' 6.98 6.8 23.24 6.66 

COOH' 10.71 10.2 19.12 10.78 

RMSD 0.58 

*The COOH peak assigned to 13.4 ppm based on the 1H{13C} HETCOR spectrum with a 

long contact time of 5 ms, results in an RMSD of 0.78. 

Table A2.9: The predicted 1H NMR chemical shift and root mean square deviation for the case 

C. 

Numbering 

scheme 

Solution 

state NMR 

δiso,sol 

(ppm) 

Solid state 

NMR 

δiso,expt 

(ppm) 

Chemical 

shielding 

 (ppm) 

predicted 

chemical shift 

δiso,cal (ppm) 

1 10.36 8.9 21.28 8.66 

3 7.05 7.1 22.94 7.00 

4 7.00 7.4 23.07 6.87 

5 OH 7.78 9.2 20.78 9.16 

6 OH 7.97 7.3 22.69 7.25 

7 6.98 7.3 23.04 6.90 

COOH 10.71 14.5* 15.16 14.78 

1' 10.36 8.7 22.76 7.18 

3' 7.05 6.5 22.91 7.03 

4' 7.00 6.8 22.95 6.99 

5' OH 7.78 9.8 19.43 10.51 

6' OH 7.97 9.5 19.56 10.38 

7' 6.98 6.8 22.93 7.01 

COOH' 10.71 10.2 19.65 10.29 

RMSD 0.57 
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*The COOH peak assigned to 13.4 ppm based on the 1H{13C} HETCOR spectrum with a long 

contact time of 5 ms, results in an RMSD of 0.67. 

Table A2.10: The predicted 1H NMR chemical shift and root mean square deviation for the 

case D. 

Numbering 

scheme 

Solution 

state NMR 

δiso,sol (ppm) 

Solid state 

NMR δiso,expt 

(ppm) 

Chemical 

shielding 

 (ppm) 

Predicted 

chemical shift 

δiso,cal (ppm) 

1 10.36 8.9 21.82 8.17 

3 7.05 7.1 22.86 7.13 

4 7.00 7.4 23.11 6.88 

5 OH 7.78 9.2 20.64 9.35 

6 OH 7.97 7.3 23.33 6.66 

7 6.98 7.3 22.77 7.22 

COOH 10.71 14.5* 14.33 15.66 

1' 10.36 8.7 22.65 7.34 

3' 7.05 6.5 23.28 6.71 

4' 7.00 6.8 23.04 6.95 

5'OH 7.78 9.8 19.51 10.48 

6'OH 7.97 9.5 19.6 10.39 

7' 6.98 6.8 23.08 6.91 

COOH' 10.71 10.2 19.89 10.10 

RMSD 0.64 

*The COOH peak assigned to 13.4 ppm based on the 1H{13C} HETCOR spectrum with a long 

contact time of 5 ms, results in an RMSD of 0.82. 

Table A2.11: Comparison of energy for cases A, B, C and D along with the RMSD of 1H 

chemical shift. 

Label Final Energy (eV) 1H RMSD (ppm) 

Case A -14234.94 0.34 

Case B -14234.68 0.58 

Case C -14234.75 0.57 

Case D -14234.61 0.64 
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Table A2.12: Interaction energies[a] of DHICA dimers evaluated using symmetry-adapted 

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

Dimer 𝑬𝒊𝒏𝒕
𝑺𝑨𝑷𝑻 

Electrostatic 

Energy 

(𝑬𝒆𝒍𝒄
 ) 

Dispersion 

Energy 

(𝑬𝒅𝒊𝒔
 ) 

Induction 

Energy 

(𝑬𝒊𝒏𝒅
 ) 

Exchange 

Energy 

(𝑬𝒆𝒙
 ) 

D1 -12.09 -3.42 -18.91 -0.86 11.09 

D2 -11.65 -5.64 -15.42 -0.99 10.41 

D3 -13.22 -6.93 -18.88 -1.65 14.24 

D4 -7.66 -15.29 -6.61 -6.65 20.89 

D5 -7.36 -10.09 -5.26 -2.41 10.40 

D6 -25.75 -36.46 -8.57 -17.83 37.11 

*All energy values are given in kcal/mol. 

Table A2.13: Fragment based excited state analysis for dimer D1 in the crystalline assembly of 

DHICA. 

State dE(eV) f POS PR CT 

S1 3.874 0.000 1.500 2.000 0.214 

S2 4.143 0.000 1.500 2.000 0.139 

S3 4.269 0.470 1.500 2.000 0.055 

S4 4.323 0.414 1.500 2.000 0.106 

S5 4.512 0.023 1.500 2.000 0.864 

S6 4.630 0.000 1.500 2.000 0.789 

S7 4.883 0.020 1.500 2.000 0.959 

S8 4.985 0.000 1.500 2.000 0.836 

S9 5.254 0.094 1.500 2.000 0.216 

S10 5.322 0.001 1.469 1.992 0.019 

Table A2.14: Fragment based excited state analysis for dimer D2 in the crystalline assembly of 

DHICA. 

State dE(eV) f POS PR CT 

S1 3.944 0.000 1.500 2.000 0.172 

S2 4.253 0.095 1.500 2.000 0.084 

S3 4.274 0.930 1.500 2.000 0.044 

S4 4.301 0.046 1.500 2.000 0.029 

S5 4.635 0.000 1.500 2.000 0.918 
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S6 4.755 0.000 1.500 2.000 0.809 

S7 5.173 0.000 1.500 2.000 0.906 

S8 5.222 0.018 1.500 2.000 0.799 

S9 5.314 0.000 1.437 1.968 0.056 

S10 5.317 0.004 1.564 1.968 0.118 

Table A2.15: Fragment based excited state analysis for dimer D3 in the crystalline assembly of 

DHICA. 

State dE(eV) f POS PR CT 

S1 4.235 0.000 1.499 2.000 0.033 

S2 4.246 1.036 1.501 2.000 0.062 

S3 4.398 0.000 1.494 2.000 0.074 

S4 4.419 0.072 1.506 2.000 0.055 

S5 4.955 0.000 1.500 1.998 0.881 

S6 4.966 0.010 1.500 1.998 0.890 

S7 5.082 0.000 1.144 1.327 0.007 

S8 5.083 0.000 1.856 1.327 0.008 

S9 5.213 0.000 1.500 2.000 0.615 

S10 5.333 0.031 1.500 2.000 0.867 

Table A2.16: Fragment based excited state analysis for dimer D4 in the crystalline assembly of 

DHICA. 

State dE(eV) f POS PR CT 

S1 4.106 1.234 1.568 1.964 0.005 

S2 4.211 0.007 1.431 1.963 0.003 

S3 4.303 0.120 1.026 1.053 0.002 

S4 4.400 0.066 1.976 1.049 0.003 

S5 5.319 0.000 2.000 1.001 0.001 

S6 5.461 0.130 1.972 1.058 0.042 

S7 5.481 0.048 1.044 1.096 0.084 

S8 5.508 0.001 1.069 1.153 0.120 

S9 5.526 0.060 1.190 1.447 0.353 

S10 5.540 0.023 1.244 1.524 0.429 
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Table A2.17: Fragment based excited state analysis for dimer D5 in the crystalline assembly of 

DHICA. 

State dE(eV) f POS PR CT 

S1 4.258 1.290 1.500 1.500 0.003 

S2 4.346 0.000 1.500 1.500 0.002 

S3 4.485 0.001 1.566 1.566 0.002 

S4 4.487 0.102 1.434 1.434 0.002 

S5 5.070 0.000 2.000 1.001 0.000 

S6 5.070 0.000 1.000 1.001 0.000 

S7 5.520 0.001 1.545 1.984 0.009 

S8 5.521 0.279 1.455 1.984 0.005 

S9 5.611 0.000 1.498 2.000 0.136 

S10 5.664 0.011 1.503 2.000 0.102 

Table A2.18: Fragment based excited state analysis for dimer D6 in the crystalline assembly of 

DHICA. 

State dE(eV) f POS PR CT 

S1 4.186 1.393 1.500 2.000 0.009 

S2 4.348 0.000 1.500 2.000 0.005 

S3 4.421 0.006 1.252 1.605 0.005 

S4 4.421 0.088 1.748 1.604 0.004 

S5 5.482 0.155 1.496 2.000 0.011 

S6 5.499 0.000 1.504 2.000 0.004 

S7 5.530 0.124 1.500 2.000 0.008 

S8 5.556 0.000 1.500 2.000 0.029 

S9 5.572 0.000 1.500 2.000 0.061 

S10 5.599 0.007 1.500 2.000 0.062 

Table A2.19: T1 measurement of the samples. 

SI No. Compound T1 

1 DHI 100 s 

2 DHICA 4 s 

3 DHICA melanin 0.7 s 
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Table A2.20: Summary of the observed similarities and differences between monomer and 

polymer. 

Technique DHICA DHICA-melanin 

SEM Globular Layered/sheet arrangements 

FT-IR 

NH stretching band at 3435 cm-1; 

OH and COOH stretching bands 

at 3265 cm-1 

NH stretching band at 3435 cm-1; 

OH and COOH stretching bands at 

3265 cm-1; 

sp3 -CH stretching peak at 2980 cm-1 

UV-Visible 

absorption 

Absorption spectrum is broad and 

ranges from 200-570 nm in 

crystalline state compared to 

monomeric solution 

Broad absorption ranges from 200-

1400 nm 

Solubility Soluble but difficult to crystalize Insoluble 

 

3D ED 

Triclinic space group P1̅  with 

a=7.49 Å, b=10.23 Å, c=10.81 Å, 

α=82.27°, β=87.80°, γ=70.10° 

Broad diffraction pattern 

 

 

Solid-state 

NMR 

 

 

  

No aliphatic moiety Observation of aliphatic peaks 

Only one nitrogen species with a 

broad NMR spectrum 
Multiple nitrogen species 

- 
Distribution of chemical shift in the 

case of C7 

N-H peaks are observed around 9 

ppm 

N-H peaks are observed around 11 

ppm 

Observation of carbonyl group Observation of carbonyl group 

Presence of carboxylic acid proton Absence of carboxylic acid proton 

2.7. Appendix 

2.7.1. Materials and Methods 

All chemicals used for the synthesis 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 using standard gastight 

syringes, cannula, and septa. Solvents used for the spectroscopic measurements were dried and 

distilled by standard laboratory purification techniques. Yields refer to chromatographically and 

spectroscopically homogenous substances. IR spectra were recorded on a Shimadzu 
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IRPrestige-21 FT-IR spectrometer as neat KBr pellets for all the derivatives. High resolution 

mass spectra (HRMS) were recorded on Thermo Scientific Q Exactive mass spectrometer using 

electrospray ionization (ESI, positive mode) technique. Photophysical measurements of the 

derivatives were carried out in a cuvette of 1 cm path length and concentration dependent 

measurements were performed in a cuvette of 1 mm path length. Electronic absorption and 

emission spectra were recorded on UV-Vis-NIR Perkin Elmer Lambda 950 and Horiba Jobin 

Yvon Nanolog spectrometers respectively. The UV-Vis absorption spectra in the solution state 

were measured using the transmission mode and the Kubelka-Munk transformed reflectance 

spectra in the crystalline state were measured in the diffuse reflectance mode. The diffuse 

reflectance spectra allow no separation of the reflection, refraction and diffraction occurring 

from the crystalline samples. 1H and 13C NMR in solution were measured on a 500 MHz Bruker 

Advance DPX spectrometer using 1,1,1,1-tetramethyl silane (TMS) as the internal standard. 

Data was processed using Mestrenova software. PXRD patterns were recorded on a Rigaku 

SmartLab diffractometer with Cu Kα radiation at room temperature. 

2.7.2. 3D Electron Diffraction 

Samples were deposited as dry powder on standard TEM grids (amorphous carbon on Cu) after 

gentle grinding and measured at room temperature in continuous rotation mode on an ELDICO 

ED-1 diffractometer (LaB6 source, 160 kV, λ = 0.02851 Å; Dectris QUADRO detector) using 

ELDIX. Suitable crystals were selected in STEM mode, and diffraction data were collected 

with a pseudo-parallel beam (~750 nm). Regions affected by beam damage or shadowing were 

excluded. 

Data were processed with APEX4; frames were integrated per crystal, then merged, scaled, and 

corrected using SAINT and SADABS. Space groups were assigned from systematic absences, 

E statistics, and successful refinement. Structures were solved with ShelXT and refined using 

ShelXL/ShelXle under kinematic approximation with neutral scattering factors. Non-H atoms 

were refined anisotropically without restraints; H atoms were placed in calculated positions, 

refined with a riding model, and assigned Uiso values relative to parent atoms (hydroxy: 1.5 

Ueq(O); other groups: 1.2 Ueq(C/N)). Carboxylic acid protons were restrained to expected 
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neutron O–H distances. Crystallographic data (Deposition No. 2347665) are available from the 

CCDC (www.ccdc.cam.ac.uk/structures). 

2.7.3. Solid-state NMR 

All solid-state NMR spectra were acquired on a Bruker Avance HD 600 WB spectrometer 

operating at 14.1 T (ν0(1H) = 600.5 MHz).  

2.7.3.1. Experiments at 24 kHz MAS: 

Samples (fine powder) were packed in 3.2 mm ZrO2 rotors and spun at 24 kHz. 1H–13C ramp-

CP experiments were performed with a 13C nutation frequency of 60 kHz and a 1H frequency 

of ~84 kHz (+1 Hartmann–Hahn). Recycle delays were 2–3 s. 1H{13C} CP-HETCOR spectra 

were acquired with contact times of 50 µs and 1.0 ms, using 32–128 t1 increments with 256–

512 scans each. SPINAL64 decoupling (~83 kHz) was applied during acquisition, and 

DUMBO homonuclear decoupling (~100 kHz) during t1. Scaling factors were calibrated with 

alanine (1H) and adamantane (13C). All measurements were performed at −30 °C to minimize 

autoxidative polymerization of DHICA. 

2.7.3.2. Experiments at 60 kHz MAS: 

Single-pulse 1H spectra were recorded with νH ≈ 185 kHz, 16 transients, and 2 s delays. 13C 

spectra were obtained via ramped 1H→13C CP at the double-quantum Hartmann–Hahn 

condition (νH = 20 ± 5 kHz; νC = 40 kHz), with SPINAL64 decoupling at 150 kHz. 13C{1H} 

2D HETCOR spectra were recorded with τCP = 1.0 ms, τrelax = 6.0 s, and 32 (t1) × 2048 (t2) 

points. Data were zero-filled to 64 × 4096 and apodized (cos2 along t1; exponential 50 Hz 

FWHM along t2). 2Q–1Q 1H correlation spectra were acquired using the BaBa recoupling 

scheme over two rotor periods (τexc = τrec = 33.3 µs), νH ≈ 185 kHz, τrelax = 2.0 s, 48 × 512 

points, and 32 transients per t1. Data were zero-filled to 256 × 2048 and Lorentzian-apodized 

(50 Hz). CP-INADEQUATE experiments were performed at 60 kHz MAS with νH = 160 kHz 

and νC = 130 kHz, τrelax = 6 s, and evolution delays of 1 ms. 256 t1 increments with 64 transients 

were collected; SPINAL64 decoupling (150 kHz) was applied during t1 and t2. 

2.7.3.3. Experiments at 50 kHz MAS (1H–14N): 
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14N chemical shifts were indirectly referenced using IUPAC frequency ratios and nitromethane 

scale. DHMQC and RESPDOR spectra were acquired at 50 kHz MAS with 1H referencing to 

TMS (adamantane secondary). Symmetry-based SR421 recoupling was applied at the 2nd-

order rotary resonance condition. Optimal dipolar recoupling times were 160 µs (DHICA) and 

240 µs (DHICA-melanin). 14N excitation/reconversion pulses (1 rotor period) used RF ≈ 37 

kHz. RESPDOR used a 1.5-cycle saturation pulse (30 µs) at 64 kHz. Dipolar dephasing curves 

(1−S/S0) were obtained from 1H signals with and without 14N dephasing. Simulations were 

performed with SIMPSON v4.1.1. 

2.7.2. Morphological Characterization 

2.7.2.1. Transmission Electron Microscopy (TEM) 

TEM measurements were performed on FEI Tecnai 30 G2 and JEOL 2010 microscopes 

operated at 100 kV. Samples were prepared by drop-casting DHICA solutions (100 μM and 1 

mM) in Milli-Q water onto 400-mesh carbon-coated Cu grids and allowing the solvent to 

evaporate under dust-free conditions. Images were obtained without staining. 

2.7.2.2. Scanning Electron Microscopy (SEM) 

SEM measurements were carried out on an FEI Nova NanoSEM 450. Samples were drop-cast 

onto 400-mesh carbon-coated Cu grids, dried under ambient conditions, and sputter-coated with 

a thin layer of chromium using a JEOL JFC-1100 coater. Images were collected using a JEOL 

JSM-5600 LV microscope. 

2.7.2.3. Dynamic Light Scattering (DLS) 

DLS measurements were performed on a Malvern Zetasizer Nano ZS (655 nm laser) using 3 

mL glass cuvettes at 25 °C and a 173° backscattering angle. At 100 μM, DHICA showed a 

monomodal particle size distribution (DH = 628 nm), while at 1 mM, a bimodal distribution 

(DH = 487 nm and 2300 nm) was observed, indicating aggregation at higher concentrations. 

2.7.3. Computational Analysis 

2.7.3.1. DFT Calculations for Structure Prediction 
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Initial structure relaxation was performed using the FORCITE module in Materials Studio with 

the Universal force field. Geometry optimization employed the Smart algorithm with 

convergence tolerances of 0.0001 kcal mol-1 (energy) and 0.005 kcal Å-1 (force), with a 

maximum of 500 iterations. Plane-wave DFT calculations were carried out using the GIPAW 

method implemented in CASTEP 2017. Geometry optimization and NMR property 

calculations used the GGA–PBESOL exchange–correlation functional with on-the-fly ultrasoft 

pseudopotentials. Dispersion interactions were treated using the Tkatchenko–Scheffler scheme. 

An energy cutoff of 900 eV and a Monkhorst–Pack grid with a k-point spacing of 0.05 Å⁻¹ were 

used to ensure accuracy and computational efficiency. 

2.7.3.2. Hirshfeld Analysis 

Important intermolecular interactions within the structure of DMICE, BDMICE and IDMICE 

were identified through Hirshfeld surface analysis using CrystalExplorer. The Hirshfeld surface 

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. 

2.7.3.3. Quantum Theory of Atoms in Molecules (QTAIM) 

The wave function generation for the molecules was carried out at wb97xd/def2-svp using 

Gaussian 16 and the subsequent location of the critical points and the topology analysis were 

carried out using Multiwfn 3.7. Quantum theory of atoms in molecules (QTAIM) analyses 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 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. 
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2.7.3.4. Symmetry Adapted Perturbation Theory (SAPT) 

SAPT(0) analysis was employed to determine the non-covalent interaction energies of different 

non-covalent dimers of DMICE, BDMICE and IDMICE. The SAPT module of the psi4 code 

was employed, with def2-svp 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. 

𝐸𝑖𝑛𝑡
𝑆𝐴𝑃𝑇(0)

= 𝐸𝑒𝑙𝑐
(1)

+ 𝐸𝑒𝑥
(1)

+ 𝐸𝑖𝑛𝑑
(2)

+ 𝐸𝑖𝑛𝑑−𝑒𝑥
(2)

+ 𝐸𝑑𝑖𝑠
(2)

+ 𝐸𝑑𝑖𝑠−𝑒𝑥
(2)

        (Equation A2.1) 

2.7.3.5. TheoDORE Analysis 

The excitations of the different dimers obtained from the crystal structure were analysed using 

TheoDORE. We study dimer systems, where each of the monomers is considered as a fragment. 

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 (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. 

2.7.3.6. Electronic Coupling Calculations 

All the calculations are carried out in Gaussian 16 employing the B97XD functional and 6-

311G+(d,p) basis set at DFT level of theory unless stated otherwise. In order to compute long 

range Coulombic coupling, electronic energy transfer (EET) module available in gaussian 16 

program is utilized. Electronic energy transfer (EET) or resonance energy transfer (RET) refers 

to the process of energy transfer from a photoexcited donor molecule to a nearby ground-state 

acceptor molecule. In Gaussian 16, the EET analysis employs a quantum mechanical model 
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based on a DFT description of the wavefunction, incorporating a time-dependent variational 

approach. This involves performing an excited-state calculation on each fragment and 

subsequently computing all the couplings among the resulting states. 𝐽𝐶𝑜𝑢𝑙  is the Coulombic 

coupling between electronic transitions where, 

𝐽𝐶𝑜𝑢𝑙 = ∬ 𝑑𝑟1𝑑𝑟2
𝜌𝐷

𝑡𝑟∗(𝑟1)𝜌𝐴
𝑡𝑟(𝑟2)

|𝑟1−𝑟2 |
                             (Equation A2.2) 

Where, 𝜌𝐷
𝑡𝑟(𝑟1) and 𝜌𝐴

𝑡𝑟(𝑟2) are the transition densities (the diagonal element of the density 

matrix) respectively of donor and acceptor. TD-DFT calculation was performed on each of the 

dimers after defining each monomer as a fragment for the S0 to S1 transition and Coulombic 

coupling between the states was procured. 

Electron and hole transfer coupling values were calculated by employing the CATNIP Tool 

version 1.9. CATNIP uses post-processed Gaussian 16 output files for the respective analyses. 

The short-range exciton coupling stemming from the degree of overlap of wave functions on 

proximal molecules has a crucial role in defining the excitonic interaction and is determined 

as, 

𝐽𝐶𝑇 =
−2𝑡𝑒𝑡ℎ

𝐸𝐶𝑇 −𝐸𝑆1

                          (Equation A2.3) 

where te and th are the electron and hole-transfer coupling which depend on the LUMO–LUMO 

and HOMO–HOMO orbital overlap of the monomers, respectively, ECT is the energy of the 

charge-transfer state, and 𝐸𝑆1 is the energy of first Frenkel exciton state calculated from TD-

DFT. The total coupling between neighbouring molecules can be represented as, 

𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝐶𝑜𝑢𝑙 + 𝐽𝐶𝑇                       (Equation A2.4) 
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Chapter 3 

Exciton Coupling and Structural Disorder Governing 

Photoprotection in Eumelanin Multimers 

Abstract 

Eumelanin, a ubiquitous pigment 

in animals, is known for its ability 

to protect against UV-induced 

damage by efficiently dissipating 

energy as heat. Despite its 

importance, the mechanisms 

underlying eumelanin's broadband 

absorption and ultrafast energy 

relaxation remain unclear, primarily due to the inherent structural complexity of the pigment. 

To address this, we employed model eumelanin multimers, including a monomer (DMICE), 

dimer (DMICE-D), and trimer (DMICE-T), and investigated their optical properties in both 

solution and aggregated thin films. Our results reveal that increasing multimer size and 

aggregation significantly broaden the absorption spectrum, a phenomenon attributed to 

amplified excitonic interactions. The non-radiative decay processes, governed by internal 

conversion and intersystem crossing, become increasingly efficient as the multimer lengthens. 

In thin films, the dimer and trimer exhibit ultrafast excited state relaxation (<30 picoseconds), 

driven predominantly by internal conversion, which closely parallels eumelanin's characteristic 

ultrafast energy dissipation. By quantifying the exciton interactions within the multimers, we 

uncover the interplay of coulombic and charge-transfer couplings in modulating the observed 

optical behaviour. This work provides insights into how structural organization and excitonic 

interactions contribute to eumelanin's unique photophysical properties and its photoprotective 

role, thereby advancing development of eumelanin-inspired biomimetic materials. 
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3.1. Introduction 

Eumelanin, the most abundant type of melanin in nature, serves as a vital photoprotective 

pigment in animals.94 It absorbs throughout the UV-visible range of light and dissipates the 

absorbed energy non-radiatively to protect tissues from harmful UV-induced damage. Despite 

its critical biological function, the underlying structural factors that govern eumelanin's 

broadband UV-visible absorption and ultrafast energy dissipation remain poorly understood.6, 

75 The inherent instability and rapid polymerization of eumelanin monomers to form the 

insoluble black pigment hinder detailed characterization of its molecular and aggregated 

structures.6, 75 An intricate understanding of the broadened absorption and energy dissipation 

mechanism in eumelanin is essential for designing synthetic materials that replicate eumelanin's 

unique photoprotective properties.75 Two prominent models have been proposed to explain 

eumelanin's broadband absorption and unique optical properties. The chemical disorder model 

attributes the absorption broadening to a superposition of absorption bands from a diverse pool 

of oligomers with varying lengths, structures, and oxidation states.59 In contrast, the geometric 

disorder model highlights the role of excitonic coupling between stacked molecular units in 

aggregates, suggesting that these interactions contribute significantly to the pigment's spectral 

properties.63  

Recent advances in mass spectrometry,132 X-ray diffraction,133 atomic force 

microscopy,89, 96 and computational calculations2, 95, 134 have increasingly supported that shorter 

multimers dominate eumelanin's composition.74, 100, 135-137 A careful bottom-up approach 

through the synthesis of stable eumelanin multimers and ordered aggregates of multimers is 

crucial to disentangle the contributions of chemical and geometric disorder to eumelanin's 

optical behaviour (Table A3.1).10, 90, 91, 93, 138 In this context, chemical disorder encompasses 

variations in multimer length, functionalization, and connectivity among indole-based 

oligomers, while geometric disorder refers to differences in their spatial arrangement and 

intermolecular interactions within the aggregated state.1, 59 Herein, we designed and 

synthesized chemically stable eumelanin model systems using a blocked derivative of 5,6-

dihydroxyindole carboxylic acid (DHICA), namely 5,6-dimethoxyindole carboxylic acid ethyl 
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ester (DMICE). DMICE serves as a simplified and chemically well-defined analogue of the 

precursor of eumelanin.  

 

Figure 3.1: Molecular structures of a) DHICA, b) DMICE and c) DMICE-D; d) crystal 

structure of DMICE-D; e) molecular structure of DMICE-T and f) optimized structure of 

DMICE-T. 

Blocking the hydroxyl and carboxylic acid groups prevent the fast polymerization of 

the monomer resulting in a benchtop stable molecule aiding further syntheses and 

experiments.107 Alkyl protection suppresses excited-state proton transfer (ESPT) and complex 

photochemistry in these molecules, enabling access to slower alternative relaxation pathways 

and offering versatile models for disentangling the excited-state dynamics of eumelanin.69, 70, 

73, 75 As the most probable polymerization sites on the indole ring are the second, third and 

seventh carbons,112 we consider a heterodimer (DMICE-D) linked at C3 and C4 and a 

heterotrimer (DMICE-T) with two DMICE subunits connected at the C2 and C7 positions 

(Figures 3.1 and A3.1). These stable model multimers represent the key intermediates in 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig1
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eumelanin biosynthesis and allow us to systematically explore their photophysical properties 

in monomeric and aggregated states (Figure A3.2). The steady-state and time-resolved 

spectroscopic features of DMICE, DMICE-D, and DMICE-T are explored to understand how 

multimer length and aggregation modulates the absorption spectrum as well as the efficiency 

of non-radiative decay, thereby enhancing photoprotection. 

3.2. Results and Discussion 

3.2.1 Synthesis and Structural Elucidation 

Novel DMICE-T was synthesized through Suzuki coupling of iodinated DMICE with indole-

2,7-boronic acid pinacol ester, using XPhos Pd G2 as the catalyst and 1,4-dioxane as the solvent 

at 75 °C, resulting in moderate yields of the product. Similarly, DMICE-D was synthesized by 

coupling with indole-2-boronic acid, producing good yields (Figures 3.3-3.9).139 Upon slow 

evaporation of a chloroform solution of DMICE-D layered with n-hexane, high-quality 

colourless single crystals suitable for X-ray crystallography were obtained. The crystal 

structure of DMICE-D, determined via single-crystal X-ray diffraction, confirmed its 

molecular structure (Figure 3.1). DMICE-D crystallized in a monoclinic crystal system with a 

space group of P21/c and exhibited a dihedral angle of ∼53° (Figure 3.1 and Table A3.2). 

Geometry optimizations at multiple DFT levels showed comparable results with the crystal 

structure, with ωB97X-D/6-311G+(d,p) giving the closest agreement (Table A3.3). The 

optimized geometry of DMICE-D revealed a dihedral angle of ∼54°, consistent with the angle 

determined by single-crystal X-ray diffraction (Figure A3.10). For DMICE-T, the optimized 

structure indicated a dihedral angle of 39.60° between the first DMICE subunit and the indole 

ring, and −60.10° between the second DMICE subunit and the indole ring (Figure 3.1 and Table 

A3.4). 

3.2.2 Optical Properties 

The electronic properties of DMICE, DMICE-D, and DMICE-T in toluene were explored 

through UV-visible absorption spectroscopy, fluorescence emission spectroscopy, and time-

correlated single photon counting measurements (TCSPC), as illustrated in Figure 3.2. The 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig1
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig1
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig1
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig2
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electronic absorption spectrum of DMICE in toluene revealed an absorption maximum at 325 

nm, which exhibited good similarity to the absorption characteristics of the unsubstituted 

DHICA, as previously reported.107 This ascertains that DMICE serves as an excellent model 

for eumelanin monomer, offering the added advantage of benchtop stability, which is a crucial 

factor considering the fast oxidative polymerisation into eumelanin. Interestingly, the dimer 

DMICE-D displayed only slight differences in its absorption spectrum when compared to that 

of the monomer DMICE, suggesting that the dimer retains many of the electronic 

characteristics of the monomer. In contrast, DMICE-T demonstrated a more complex 

absorption profile, displaying a prominent absorption band with a maximum at 331 nm 

alongside a tail band observed till 420 nm. The observed broadening in the absorption spectra 

of the trimer, when compared to the dimer and monomer, demonstrates that an increase in the 

number of connected units leads to a decrease in the excitation energy of the molecule. 

 

Figure 3.2: a) Normalized UV-vis absorption spectra; b) normalized emission spectra; c) time-

resolved fluorescence decay profile of DMICE29 (green line), DMICE-D (red line) and 

DMICE-T (blue line) in toluene at room temperature; d) knr plotted against the number of 

indole units from n = 1, 2 and 3. 
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Table 3.1: Spectral and photophysical parameters of DMICE, DMICE-D and DMICE-T in 

toluene. 

Compound 
λabs

[a] 

(nm) 

λemi
[b] 

(nm) 

ϕf
[c] 

(%) 

τfl
[d] 

(ns) 

kr
[e] × 108 

(s−1) 

knr
[f] ×108 

(s−1) 

λ[g] 

(eV) 

DMICE 325 365 49.7±0.5 2.72±0.08 1.82±0.01 1.84±0.01 0.227 

DMICE-D 326 400 27.5±0.9 1.86±0.11 1.48±0.01 3.90±0.03 0.350 

DMICE-T 331 425 13.6±2.0 1.02±0.16 1.33±0.03 8.76±0.03 0.404 

[a] UV-visible absorption band maximum. [b] Fluorescence maximum. [c] Fluorescence quantum 

yield. [d] Fluorescence lifetime measured using TCSPC. [e] Radiative rate constant. [f] Non-

radiative rate constant. [g] Reorganization energy. 

Computed vertical excitation energies of DMICE, DMICE-D as well as DMICE-T also 

support the incremental lowering of the S1–S0 energy gap with increase in multimer length 

(Figure A3.11 and Table A3.5). This result underscores the significant influence of varying 

lengths of eumelanin oligomers and the consequent degree of chemical disorder on the overall 

electronic absorption spectrum of eumelanin.140 Furthermore, the orientations of transition 

dipoles within individual units, along with the extent of conjugation, could play a crucial role 

in the observed bathochromic shift of the trimer relative to both the dimer and the monomer 

(explained vide infra). Upon photoexcitation, DMICE-D exhibited a fluorescence emission 

maximum centred at 400 nm, while DMICE-T showed a fluorescence emission maximum at 

425 nm (Figures 3.2b and A3.12). This results in a significant bathochromic shift of ∼3868 

cm−1 for DMICE-T and ∼2397 cm−1 for DMICE-D, compared to the monomeric DMICE 

(Table 3.1). The fluorescence quantum yields, determined using a relative method, revealed a 

marked decrease as the molecular complexity increases from DMICE to DMICE-D and further 

to DMICE-T. Specifically, DMICE displayed a fluorescence quantum yield (ϕf) of 49.3%, 

which declined to 27.5% for DMICE-D and further to 13.6% for DMICE-T, demonstrating the 

impact of multimer length on fluorescence efficiency. The fluorescence quantum yield (ϕf) is 

defined as the ratio of the radiative rate kr to the sum of both radiative and non-radiative 

rates, kr + knr.141 On examining the time-resolved fluorescence decay profiles of DMICE in 

toluene, a mono-exponential decay pattern with a lifetime of 2.72 ns was observed. In 

comparison, DMICE-D showed a reduced fluorescence lifetime of 1.86 ns, while DMICE-T 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1fna
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig2
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1
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exhibited a shorter fluorescence lifetime of 1.02 ns, indicating a substantial decrease in 

fluorescence lifetimes as we move from the monomer to the dimer and trimer. 

Given that the radiative rates remain almost constant across the series, the observed 

variations in fluorescence rates are primarily linked to changes in non-radiative rates, as shown 

in Table 3.1. The non-radiative rate constant, knr, shows an increase as the number of indole 

units increases (Figure 3.2d). As the number of indole units increases from monomer to dimer 

to trimer, the non-radiative decay channels for dissipating excitation energy become more 

efficient in the eumelanin counterparts.142 The observed increase in knr with the addition of 

indole units is also driven by elevated reorganization energy suggesting that structural 

relaxation plays a dominant role in driving the observed knr trend (Table 3.1).143 This trend is 

reflected in both the fluorescence quantum yields and fluorescence lifetimes across these 

molecular species (Table 3.1). Eumelanin precursors undergo multiple excited state decay 

pathways, including ESPT,69, 70, 75 electron injection,69, 78 intersystem crossing,82 and charge 

transfer.30, 77 Previous literature on DHICA and its oligomers reveal ultrafast sub-picosecond 

decay in acidic buffers driven by ESPT, with fluorescence decay rates independent of subunit 

coupling.68 On the other hand, in protected derivatives like DMICE, where ESPT is 

blocked,107 there is a dependence of the fluorescence lifetimes on oligomer length, allowing the 

deconvolution of non-radiative decay pathways beyond ESPT. 

Further, the influence of the local dielectric environment on the excited state optical 

properties of eumelanin multimers were investigated through solvent-dependent UV-visible 

absorption and fluorescence measurements (Table A3.6). The UV-visible absorption spectra of 

DMICE-D and DMICE-T remained largely similar in toluene (TOL, ε = 2.38) and acetonitrile 

(ACN, ε = 37.5), exhibiting minimal shifts in λabs. In contrast, the fluorescence spectra showed 

significant solvent-dependent differences with respect to fluorescence maxima as well as 

fluorescence quantum yields (Figures 3.3f and A3.13). A notable red shift in the emission 

wavelength (λemi) was observed when changing the solvent from TOL to ACN, with shifts of 

∼1852 cm−1 for DMICE-D and ∼1503 cm−1 for DMICE-T. Additionally, the fluorescence 

quantum yield (ϕf) decreased substantially in ACN compared to TOL, with values of 17.5% for 

DMICE-D and 4.6% for DMICE-T, both drastically lower than the ϕf of DMICE.107 The 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig2
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#tab1
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig3
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solvent-dependent variations in fluorescence quantum yields and red shifts in emission 

wavelengths strongly suggest the role of charge-transfer states in the excited state dynamics of 

DMICE-D and DMICE-T.144, 145  

In the oligomeric scaffolds investigated, individual indole units are connected through 

single C–C bonds, positioning them in close proximity to enable electronic interactions and 

excited state delocalization across multiple subunits.30, 68 The structural proximity within indole 

units provides a foundation for investigating how excitonic interactions within each unit 

contribute to the electronic properties observed in the dimer and trimer. To examine this, the 

long-range electronic coupling between the indole units was quantified (Figures A3.14 and 

Tables A3.7 and A3.8), providing insight into the spectral characteristics of these oligomers. In 

the case of DMICE-D, the long-range electronic coupling was calculated to be −3.2 cm−1, which 

is small enough to indicate a minimal impact on the electronic spectrum of the dimer. This 

minimal coupling supports the similarity of the dimer's absorption spectrum with respect to that 

of the monomer, without significant shifts in wavelength or spectral broadening. However, for 

the trimer DMICE-T, the calculated long-range electronic coupling was −138.7 cm−1, a 

considerably higher value indicative of the relatively larger red-shifted absorption in the UV-

visible absorption spectrum. This increased coupling in the trimer correlates with a modest red 

shift in the absorption spectrum, leading to slight extension into the visible region—unlike the 

dimer, whose absorption remains largely confined to the UV.  

While DMICE-D as well as DMICE-T exhibits limited absorption in the visible range, 

higher-order and more conjugated oligomers are expected to display red-shifted features that 

better approximate eumelanin's broadband spectrum. The transition dipole moments for the 

S0 → S1 transitions for DMICE, DMICE-D and DMICE-T are also shown as Figures A3.15–

A3.17. The dihedral angle between the two units, and consequently their transition dipoles, 

significantly influences the minimal red-shifts observed for DMICE-D. The simulated 

electronic absorption spectrum shows an incremental red-shift with changes in the orientation 

between the units in DMICE-D (Figures A3.18 and A3.19). Additional examples of 

geometrically optimized homo-dimer and linear trimer of DMICE exhibit minimal red-shifts, 

underscoring the combined effect of multimer length, connectivity, functional groups and 
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transition dipole orientations in determining the absorption spectra for the eumelanin-based 

systems (Figures A3.20 and A3.21). These observations reinforce that both transition dipole 

alignment and conjugative interactions contribute significantly to the broadening and shifting 

of the electronic absorption spectrum, particularly as molecular complexity 

increases.140 Additionally, excited-state calculations on a geometry-optimized homodimer of 

DMICE reveal similar charge-transfer character, indicating that such behaviour is not exclusive 

to the heterodimer architecture (Figure A3.22). 

3.2.3. Eumelanin Multimer Aggregates 

After confirming the distinct spectroscopic differences between DMICE, DMICE-D and 

DMICE-T at monomeric concentrations (∼5 μM), we extended our investigation to the 

molecular systems in aggregated conditions. To gain insights into the optical properties in 

aggregated conditions, 1 mM solutions of DMICE, DMICE-D and DMICE-T were drop-casted 

on cleaned quartz substrates, following which the UV-visible absorption spectra and 

fluorescence were monitored.145 Figure 3.3 displays the absorption and emission spectra of 

DMICE-D and DMICE-T in non-aggregated state (5 μM solution in TOL) as well as in 

aggregated state (thin film). A significant change in the absorption and fluorescence spectra 

with respect to solution and film indicates aggregate formation. In solution, DMICE-D 

exhibited an absorption spectrum spanning till 375 nm with absorption peak maximum at 325 

nm. In contrast, the thin film of DMICE-D displayed a broadened band with significant 

absorption till 406 nm and tailing towards 480 nm, reflecting the intermolecular interactions 

resulting in aggregate formation. Similarly, for DMICE-T, the absorption spectra in TOL 

showed a maximum at 331 nm, while the absorption spectrum for the thin film demonstrated a 

broadened, red-shifted absorption band featuring till 500 nm. The distinct differences in both 

DMICE-D and DMICE-T at low concentrated solutions versus thin films suggest the excitonic 

coupling within the aggregates, leading to new, close-lying electronic energy states.  

To determine if aggregation was unique to DMICE-D and DMICE-T, we also examined 

the thin film of DMICE. In solution (5 μM in TOL), DMICE showed an absorption maximum 

at 325 nm, while in thin film, a broadened band emerged in the absorption spectrum featuring 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig3
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till 390 nm (Figure A3.23).107 This broadening and red-shift in spectral characteristics in film 

indicates that exciton interactions may be occurring in DMICE, DMICE-D, and DMICE-T in 

aggregated forms. Significant decrease in the fluorescence yields and fluorescence lifetimes is 

also observed in the thin films. The absolute fluorescence quantum yields for the thin-film 

samples are estimated to be 8.9%, 3.8%, and 2.3% for DMICE, DMICE-D, and DMICE-T, 

respectively. Such spectral changes, characterized by new excitonic states and aggregation-

caused quenching, are commonly observed in molecular aggregates and photosynthetic 

pigments, where aggregation introduces new electronic interactions depending on molecular 

arrangement and interaction strength, impacting their optical properties.51, 146  

 

Figure 3.3: a) Normalized absorption and emission spectra of solution and thin film aggregates 

of DMICE-D (top) and DMICE-T (bottom) at room temperature; b) TEM, c) SEM, d) confocal 

fluorescence images of DMICE-D (left) and DMICE-T (right); e) crystal packing of DMICE-

D exhibiting alternate distichous assembly; f) normalized absorption and emission spectra of 

DMICE-D in TOL (green line) and ACN (red line). Note: the solution-phase data in TOL 

from figure 3.2 are included here for ease of comparison. 

To investigate the morphology of aggregates formed by DMICE, DMICE-D, and 

DMICE-T, transmission electron microscopy (TEM), scanning electron microscopy (SEM), 

and confocal microscopy imaging were performed (Figure 3.3).147, 148 The TEM and SEM 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig2
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images revealed that DMICE-D forms aggregates with a distinct disk-like morphology with 

diameters ranging from 0.4 to 0.6 μm (Figure A3.24). In contrast, DMICE-T aggregates 

displayed an elongated, fibre-like morphology, arising from the assembly of smaller, disk-like 

substructures (Figure A3.25). Confocal microscopy further confirmed the fluorescent nature of 

these aggregates, corroborating the disk-like structure of DMICE-D and the extended fibre 

formation observed in DMICE-T. For comparison, DMICE aggregates were also examined. 

Unlike DMICE-D and DMICE-T, DMICE showed a lamellar morphology, characterized by 

structures with an average length of 15–20 μm, as observed in both SEM and confocal 

fluorescence microscopy (Figures A3.26 and A3.27). Recent studies on allomelanin (fungal 

melanin) dimers underscore the value of morphology in understanding molecular assemblies 

and show that hydrogen bonding and π–π stacking drive aggregate formation and guide 

microstructure formation.149, 150 This structural diversity aligns with previously reported 

observations of morphological heterogeneity in eumelanin pigments, which exhibit a range of 

aggregate forms, including spherical, rod-like, hollow-rod, and hollow-platelet structures.22, 151-

153  

3.2.4. Excited State Energy Dissipation of Monomer versus Aggregates 

To investigate the excited state relaxation mechanisms responsible for non-radiative decay in 

the eumelanin multimers, femtosecond transient absorption (fsTA) measurements were 

performed (experimental details in Appendix). Figure 3.4 presents the fsTA spectra and 

corresponding deconvoluted time constants for DMICE-D in TOL (Figure 3.4a) and ACN 

(Figure A3.29). Upon photoexcitation of DMICE-D in TOL at λexc = 320 nm using a 100 fs 

pump pulse, a distinct positive absorption feature emerges between 450 and 700 nm, resembling 

the singlet absorption previously reported for DHICA and DMICE (Figure 3.4a).75, 87, 

107 Evolution-associated spectra (EAS) for DMICE-D in TOL were derived through global 

fitting of the fsTA data in a time-wavelength framework, modelled as a sequential A → B → C 

→ GS (ground state) process. The spectral deconvolution reveals three components: the first 

component (A), attributed to internal conversion from the excited singlet state, decays with a 

time constant of τ1 = 6.7 ps. The second component (B), red-shifted by 5 nm relative to 

component A, decays with a time constant of τ2 = 2.43 ns. The decay time constant of 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig4
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig4
https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig4
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component B matches closely to the fluorescence lifetime, ascertaining it to be the S1 excited 

state decay. With the decay of the S1 state, a non-decaying species at 440–490 nm persists, with 

a decay time constant of τ3 > 4 ns. The overlay of fitted traces versus experimental traces along 

with the deconvoluted species for DMICE-D in TOL are presented in Figure A3.30. The fsTA 

spectra of DMICE-D in polar solvent ACN also demonstrates similar spectral traces but 

different decay constants. In ACN, DMICE-D initially exhibits a well-defined absorption 

feature across 450–700 nm (Figure A3.29). This evolves within few picoseconds to populate a 

second species in the same wavelength range, followed by a persistent band at ∼440 nm. 

Spectral deconvolution reveals that the first component (internal conversion) decays within τ1 = 

3.7 ps, subsequently populating the second component (S1 decay), which decays with a time 

constant of τ2 = 2.18 ns. As observed similar for DMICE-D in TOL, DMICE-D in ACN also 

revealed a consequent, long-lived species (>4 ns). 

 

Figure 3.4: a) (Top) Femtosecond transient absorption (fsTA) spectra of DMICE-D in TOL; 

(bottom) relative population of the two components extracted from sequential global fitting; b) 

(top) fsTA spectra of neat film of DMICE-D; (bottom) relative population of the two 

components extracted from sequential global fitting; c) hole and electron iso-surface plots of 

DMICE-D at the S1 state. 
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The solvent-dependent kinetics of the excited state species as observed from fsTA, 

along with steady-state fluorescence, reveals a partial charge-transfer (CT) character of the 

S1 state. The hole–electron iso-surfaces of the S1 state for the dimer also corroborate the 

experimentally observed partial charge-transfer nature, with the hole delocalized across both 

units and the electron localized within the DMICE unit of DMICE-D (Figure 3.4c). In contrast, 

the S2 state exhibits Frenkel exciton character, with both the hole and electron confined to the 

DMICE unit of the dimer (Figure A3.31). This aligns with recent findings emphasizing the role 

of CT states in the excited state deactivation pathways of eumelanin and related systems.30, 77, 

128 The CT character of S1 likely facilitates the formation of triplet states via intersystem 

crossing (ISC) as observed in several examples of organic chromophores like aromatic 

aldehydes.154-156 Nanosecond transient absorption (nsTA) measurements corroborate the 

presence of a long-lived species at 420–470 nm with a lifetime of 1.2 μs in TOL and 0.8 μs in 

ACN, further confirming ISC via the S1 state (Figures A3.32 and A3.33). Analysis of the 

natural transition orbitals (NTOs) for the S1 state and the near-degenerate T5 state shows a 

change of orbital character from nπ* character to ππ* character involving the non-bonding 

orbitals from the carbonyl group (Figure A3.34 and Table A3.10), following El-Sayed's rule.  

Prior investigations on unprotected DHI and DHICA oligomers have predominantly 

utilized fluorescence-based approaches, wherein excited-state proton transfer (ESPT) emerged 

as a principal relaxation pathway.68, 71, 84 However, the presence of free hydroxyl groups in the 

molecules facilitated rapid polymerization and the in situ generation of photoactivated species, 

complicating a comprehensive interpretation of the excited-state landscape. Consequently, 

phenomena such as charge transfer and intersystem crossing remained largely unexplored, 

likely obscured by the predominance of ESPT-mediated processes. The fsTA spectra of 

DMICE-T in TOL closely resemble those of DMICE-D, with notable differences in decay 

constants. Upon photoexcitation at 320 nm, a distinct positive absorption feature between 450 

and 700 nm, characteristic of singlet absorption, is observed (Figure A3.35). Spectral 

deconvolution identifies two components in the initial timescales followed by a consequent 

non-decaying component: the first component is attributed to internal conversion to the S1 state 

and decays with a time constant of τ1 = 7.4 ps. The second component, that is, S1 decay occurs 

with a longer time constant of τ2 = 0.98 ns. The similarity in excited state spectra and multi-

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig4


Chapter 3: Exciton Coupling and Structural Disorder Governing Photoprotection in Eumelanin 

Multimers 

88 
 
 

 

component decay dynamics between DMICE-D and DMICE-T highlights their comparable 

deactivation pathways. In ACN, the fsTA spectra of DMICE-T exhibit similar features to those 

in TOL, with spectral deconvolution revealing an initial relaxation time constant of τ1 = 3.3 ps. 

The relaxed singlet state decays faster in ACN, with a time constant of τ2 = 0.34 ns (Figure 

A3.36). These differences in decay kinetics across solvents may be influenced by the 

chromophore size and the extent of electronic coupling between individual indole units in the 

multimers.30  

Like observed in the dimer, the iso-surface analysis of the S1 state of the trimer also 

reveals prominent CT exciton characteristics, with the hole distributed across the indole and 

DMICE fragment and the electron confined to the same DMICE unit. The S2 state also exhibits 

CT exciton behaviour (Figure A3.37), while the higher excited state S3 demonstrates Frenkel 

exciton character (Figure A3.38). Consistent with the observations for DMICE-D, nsTA 

measurements confirm the presence of triplet excited states at 420–470 nm for DMICE-T, with 

a lifetime of 1.3 μs and 0.7 μs, in TOL and ACN respectively (Figures A3.39 and A3.40). The 

NTO analysis further supports the orbital character change from ππ* to nπ* in the S1 state and 

near-degenerate T6 state, facilitating ISC (Figure A3.41 and Table A3.10). A summary of the 

evaluated decay rate constants for the eumelanin multimers in TOL and ACN are presented in 

Tables A3.11 and A3.12.  

Having established the excited state decay channels of the multimers in monomeric 

state, we explore the excited state dynamics of the multimers in the aggregate state. 

Femtosecond transient absorption (fsTA) measurements were conducted on thin films of 

DMICE, DMICE-D, and DMICE-T following photoexcitation at 320 nm to investigate the 

excited state dynamics of excitonically coupled multimers in the solid state. Thin films were 

prepared by coating CHCl3 solutions of the samples onto cleaned quartz substrates (see 

Appendix for details). The fsTA spectra of the DMICE-D thin film exhibited an excited state 

absorption (ESA) feature spanning 440–700 nm, closely resembling the singlet absorption 

signature of the molecule in solution (Figure 3.4b). Spectral deconvolution was modelled using 

a sequential kinetic scheme (A → B → GS, where GS represents the ground state; Figure 

A3.42). The initial decay component, characterized by a time constant of τ1 = 0.9 ps, is 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig4
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attributed to internal conversion between excitonically coupled singlet states. This rapid decay 

is followed by a slower relaxation process, with a time constant of τ2 = 21.1 ps, representing 

internal conversion to the ground state. In contrast to the monomeric state of DMICE-D, which 

exhibits singlet decay within ∼2 ns, the aggregate state demonstrates significantly faster singlet 

decay, occurring within <30 ps. Although excimer formation or defect-state trapping could 

potentially account for the observed picosecond decay in the thin films, these pathways are 

deemed unlikely given the absence of broad, featureless excited state absorption and red-shifted 

emission characteristic of excimer states.157-159  

The involvement of higher-order processes such as singlet–singlet annihilation or non-

radiative Förster energy transfer, were ruled out based on fluence-dependent measurements, 

which showed no significant changes in spectral features or kinetic decay profiles in the thin 

films with increasing pump fluence (Figure A3.43).75, 160, 161 This behaviour parallels 

observations in eumelanin material, where ultrafast internal conversion occurs via localized 

excitonic coupling without evidence of exciton migration or annihilation.75 The absence of 

long-lived triplet excited states in the thin films is notable, hinting at similarities with 

eumelanin's ultrafast relaxation dynamics (Figure A3.44). Triplet states in biomolecules like 

eumelanin are undesirable because they can generate reactive oxygen species (ROS), causing 

oxidative damage and phototoxicity.162 These findings highlight the pronounced influence of 

excitonic coupling on the excited state dynamics of eumelanin-like systems in the solid state, 

offering critical insights into their photophysical behaviour under aggregated conditions. 

In the thin film, fsTA spectra of DMICE-T also initially exhibited a well-defined 

absorption feature across 450–700 nm. This excited state species evolved within hundreds of 

femtoseconds to populate a broader species in the same wavelength range (Figures A3.45 and 

A3.46). Spectral deconvolution reveals that the first component (singlet species) decays 

within τ1 = 0.5 ps, subsequently populating the second component, which decays with a time 

constant of τ2 = 19.3 ps. The ultrafast internal conversion from the S1 state (within ps) in the 

thin films of both DMICE-D and DMICE-T dominate over the slower intersystem crossing 

observed for the eumelanin analogues in solution, thereby enhancing the potential 

photoprotective role of the aggregates. Excited state energy calculations also indicate a denser 
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manifold of closely spaced singlet excited states in DMICE-D and DMICE-T, which may 

facilitate faster internal conversion in the solid state, consistent with the observed rapid 

deactivation to the ground state (Table A3.5). For comparison, the fsTA of DMICE thin films 

was also measured. In the thin film, the fsTA spectra of DMICE display a distinct absorption 

feature spanning 450–700 nm, which evolves within a few picoseconds, transitioning into a 

broader spectral species within the same wavelength range (Figure A3.47). Spectral 

deconvolution reveals that the first component (singlet species) decays within τ1 = 4.4 ps, 

subsequently populating the second component, which decays with a time constant of τ2 = 

122.5 ps. The biexponential excited state absorption (ESA) signals observed in the eumelanin 

multimer aggregates indicate ultrafast internal conversion (IC) between electronically coupled 

singlet states, followed by slower IC dynamics to the ground state (S0). 

Such ultrafast non-radiative decay, similar to the mechanisms observed in 

photoprotective compounds like DNA and RNA nucleobases, serves to minimize the potential 

for energy transfer or photochemical reactions. Time-resolved studies on nucleosides and 

single-stranded DNA have shown that their lowest singlet excited state decays within 

picoseconds via internal conversion to the ground state, driven by efficient non-radiative 

pathways.163, 164 This behaviour, effectively replicated by the monomer, dimer as well as trimer 

aggregates, aligns with eumelanin's intrinsic photoprotective properties. Future studies 

employing advanced spectroscopic techniques may further elucidate excitonic coupling 

pathways in the aggregated films. The observed behaviour of DMICE-D and DMICE-T in 

monomeric and aggregate states highlight the interplay of intramolecular exciton interactions 

within the eumelanin multimers, along with intermolecular electronic coupling between states 

of varying energies in the solid-state aggregates. This duality aligns with eumelanin's complex 

excited state dynamics, where both intra- and inter-molecular effects contribute to its optical 

properties and photoprotective functions. By capturing these interactions in simplified model 

systems, our findings provide valuable insights into the fundamental processes at play in 

eumelanin. 
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Figure 3.5: Energy deactivation profile of (left) monomeric forms of DMICE-D and DMICE-

T; (right) aggregates of DMICE-D and DMICE-T (F = fluorescence, ISC = intersystem 

crossing, VR = vibronic relaxation, IC = internal conversion). 

Figure 3.5 illustrates a schematic representation of the energy dissipation mechanisms 

within the chemically and geometrically disordered eumelanin multimers. The distinctive 

optical properties of eumelanin arise from its structural features, which combine elements of 

both chemical and geometric order and disorder. Chemical order–disorder refers to the defined 

molecular structure and resulting interactions within the moiety.59 In contrast, geometric order–

disorder enables strong excitonic coupling (JCoul and JCT) among eumelanin multimers through 

stacking, which disperses the electronic absorption across the exciton energy 

levels.63 Heterogeneous stacking and diverse chromophore orientations are manifestations of 

structural disorder, which enhance excitonic coupling and facilitate non-radiative 

decay via internal conversion.63 A comparison of the structural and photophysical features of 

DMICE-based multimers with respect to natural eumelanin is provided in Table A3.13. Table 

A3.14 highlights how chemical protection in DMICE-based systems enables identification of 

excited-state processes compared to unprotected DHI/DHICA oligomers. A comprehensive 

understanding of the involved interactions reveals the complexity and richness of eumelanin's 

optical properties, opening up new avenues for research into its potential applications in areas 

such as photonics and biomimetic materials. 

 

https://pubs.rsc.org/en/content/articlelanding/2025/sc/d5sc00920k#fig5


Chapter 3: Exciton Coupling and Structural Disorder Governing Photoprotection in Eumelanin 

Multimers 

92 
 
 

 

3.3. Conclusion 

In summary, we have synthesized and examined model eumelanin multimers in their 

monomeric, crystalline and aggregated films to decipher the origin of the unique photophysical 

properties of eumelanin. A significant decrease in the fluorescence quantum yield and 

fluorescence lifetime is observed in DMICE-T compared to DMICE-D and DMICE indicating 

that the non-radiative decay pathways are much faster and more efficient in the trimer than the 

dimer and monomer. Our spectroscopic investigations of eumelanin multimer aggregates reveal 

that chemical as well as geometric disorders are both crucial factors contributing to the 

broadened absorption and ultrafast energy dissipation of eumelanin. In solution, the multimers 

exhibit nanosecond-scale excited state lifetimes, driven by internal conversion and intersystem 

crossing. In contrast, excitonically coupled molecules in thin films demonstrate ultrafast 

excited state deactivation (<30 ps), dominated by internal conversion, mimicking eumelanin's 

ultrafast energy dissipation. These findings highlight the importance of structural order–

disorder and excitonic interactions in modulating eumelanin's optical behaviour and 

photoprotection mechanisms, paving way for future innovations in sustainable energy, 

bioelectronics, and photoprotective coatings. 

3.4. Experimental Section 

3.4.1. Syntheses and Characterization  

3.4.1.1. Synthesis and characterization of DMICE-D:  

 

Scheme A3.1: The reaction scheme for the synthesis of DMICE-D. 

The synthesis procedure follows the reported literature with minor modifications.  To a Schlenk 

DMICE-D

Indole-4-boronic 

acid pinacol ester

IDMICE

Suzuki Coupling

Yield : 63%
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tube added XPhosPd G2 (4 mol%, 0.0024 mmol), IDMICE (1 equiv, 0.06 mmol) and indole-

4-boronic acid pinacol ester (1.25 equiv, 0.075 mmol), evacuated with vacuum and purged with 

N2. 1,4-dioxane (0.66 mL) and 0.5 M K3PO4 (3 equiv, 0.18 mmol) were then added to the 

Schlenk tube. The reaction mixture was heated at 75o C for 20 h and quenched with the addition 

of H2O. The crude mixture was extracted with EtOAc, dried with MgSO4, filtered, and 

concentrated in vacuo. The product was purified via column chromatography (silica, hexanes: 

EtOAc: 3:2 to 2:1) to yield off-white powders of DMICE-D (63% yield; off-white solid). 

1H NMR (500 MHz, CDCl3, ppm): δ = 8.92 (s, 1H), 8.23 (s, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.30 

(m, 2H), 7.18 (s, 1H), 6.89 (d, J = 14.7 Hz, 2H), 6.31 (s, 1H), 4.14 (m, 2H), 3.97 (s, 3H), 3.75 

(s, 3H), 1.00 (t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCl3, ppm): δ = 162.27, 150.41, 146.11, 136.00, 131.01, 128.08, 

126.59, 123.90, 123.23, 122.22, 122.19, 121.73, 121.35, 110.28, 103.30, 102.66, 93.63, 60.52, 

56.27, 56.24, 13.94. 

HRMS (APCI) (m/z): Calculated for C21H21N2O4 [M+H]+: 365.1496, found: 365.1486 [M+H]+ 

Melting Point (°C): 129.6 °C 

3.4.1.2. Synthesis and characterization of DMICE-T: 

 

Scheme A3.2: The reaction scheme for the synthesis of DMICE-T. 

To a Schlenk tube that is evacuated and purged with N2, added XPhosPd G2 (4 mol%, 0.01084 

mmol, 0.04 equiv), IDMICE (2.1 equiv, 0.569 mmol) and indole-2,7-boronic acid pinacol ester 

(1 equiv, 0.271 mmol), evacuated with vacuum and purged with N2. 1,4-dioxane (6.26 mL) and 

DMICE-T

Indole-2,7-boronic 

acid pinacol ester
IDMICE

Suzuki Coupling

Yield : 25%
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0.5 M K3PO4 (3 equiv, 0.813 mmol) were then added to the Schlenk tube. The reaction mixture 

was heated at 75 oC for 20 h and quenched with the addition of H2O. The crude mixture was 

extracted with EtOAc, dried with MgSO4, filtered, and concentrated in vacuo. The product was 

purified via column chromatography (silica, DCM:EtOAc : 100:1) to yield wheatish powders 

of DMICE-T (25% yield; wheatish solid). 

1H NMR (500 MHz, CDCl3, ppm): δ = 11.25 (s, 1H), 9.13 (s, 1H), 8.78 (s, 1H), 7.74 (d, J = 

7.8 Hz, 1H), 7.61 (s, 1H), 7.33 (d, J = 7.1 Hz, 1H), 7.24 (s, 1H), 7.16 (s, 1H), 6.98 (s, 1H), 6.92 

(s, 1H), 6.83 (s, 1H), 4.26 (q, J = 7.1 Hz, 2H), 4.10 (m, 1H), 4.04 (s, 3H), 3.99 (dd, J = 10.5, 

7.2 Hz, 1H), 3.95 (d, J = 3.1 Hz, 6H), 3.77 (s, 3H), 1.25 (t, J = 6.5 Hz, 3H), 0.76 (t, J = 7.1 Hz, 

3H). 

1H NMR (500 MHz, (CD3)2SO, ppm): δ = 11.75 (s, 1H), 11.67 (s, 1H), 11.46 (s, 1H), 7.63 (m, 

1H), 7.43 (s, 1H), 7.13 (m, 3H), 6.98 (d, J = 15.3 Hz, 2H), 6.77 (s, 1H), 4.20 (q, J = 6.9 Hz, 

2H), 4.03 (dq, J = 14.2, 6.9 Hz, 1H), 3.90 (m, 1H), 3.87 (s, 3H), 3.83 (s, 6H), 3.62 (s, 3H), 1.18 

(t, J = 7.0 Hz, 3H), 0.74 (t, J = 7.0 Hz, 3H).  

13C NMR (125 MHz, CDCl3, ppm): δ = 162.31, 161.87, 151.05, 150.57, 146.90, 146.43, 

135.46, 131.48, 131.35, 131.30, 128.77, 123.96, 122.85, 121.46, 120.16, 120.03, 119.66, 

119.51, 119.49, 118.04, 116.69, 103.26, 102.32, 102.06, 93.76, 93.62, 61.55, 60.58, 56.57, 

56.31, 56.25, 56.21, 14.36, 13.49. 

HRMS (APCI) (m/z): Calculated for C34H32N3O8 [M-H]-: 610.2195, found: 610.2187 [M-H]- 

Melting Point (°C): 239.1 °C 

3.5. Additional Figures 

 

Figure A3.1: Structure of indole with the numbering of atoms. 
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Figure A3.2: Schematic representation of our approach in understanding the influence of 

chemical and geometric disorder model through photophysical investigation of model 

eumelanin oligomers in solution, aggregate and crystalline states. 

 

Figure A3.3: 1H-NMR of DMICE-D in CDCl3. 
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Figure A3.4: 1H-NMR of DMICE-T in CDCl3. 

 

Figure A3.5: 1H-NMR of DMICE-T in DMSO-d6. 
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Figure A3.6: 13C-NMR of DMICE-D in CDCl3. 

 

Figure A3.7: 13C-NMR of DMICE-T in CDCl3. 
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Figure A3.8: HRMS spectrum of DMICE-D. 

 

Figure A3.9: HRMS spectrum of DMICE-T. 

 

Figure A3.10: Optimized structure of a) DMICE-D and b) DMICE-T, at the ωb97xd/6-

311G+(d,p) level of theory. 
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Figure A3.11: Comparison of experimental UV-vis absorption spectrum of a) DMICE-D and 

b) DMICE-T with the computed vertical excitation energies (red lines). Note: The vertical 

excitation energies are computed at the ωb97xd/6-311G+(d,p) level of theory and corrected 

with respect to the λmax of the experimental absorption. 

 

Figure A3.12: Excitation dependent fluorescence spectra of DMICE-T. 

 

Figure A3.13: a) UV-vis absorption and b) fluorescence emission spectra of DMICE-T in TOL 

and ACN. 
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Figure A3.14: Fragmentation used for computing long-range Coulombic coupling via 

Electronic Excitation Transfer (EET) method in a) DMICE-D and b) DMICE-T. 

 

Figure A3.15: Transition dipole moments for DMICE in a) S1 state and b) S2 state. 

 

Figure A3.16: Transition dipole moments for DMICE-D in a) S1 state and b) S2 state. 
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Figure A3.17: a) Molecular structure and b) transition dipole moments for DMICE-T in S1 

state. 

 

Figure A3.18: Simulated electronic absorption spectra of DMICE-D upon changing the 

dihedral angle between the indole units, computed at the ωb97xd/6-311+g(d,p) level of theory. 

 

Figure A3.19: Transition dipole moments for DMICE-D in S1 state for geometries with inter-

fragment torsional angle a) 0o and b) 90o. 
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Figure A3.20: Optimized geometries and vertical excitation energies of the S1 state for a) 

DMICE homo-dimer and b) DMICE linear trimer, computed at the computed at the ωb97xd/6-

311+g(d,p) level of theory. 

 

Figure A3.21: a) Structure and b) transition dipole moment in S1 state for linear DMICE-T. 

 

Figure A3.22: a) Structure and b) overlapped hole (blue) and electron (green) isosurface at the 

S5 state of homodimer of DMICE. 
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Figure A3.23: Normalized absorption and emission spectra of solution (blue lines) and thin 

film aggregates (red lines) of DMICE. 

 

Figure A3.24: Histogram showing average size of DMICE-D aggregates in a) TEM and b) 

SEM. 

 

Figure A3.25: SEM images of DMICE-T showing distinct globular particles and elongated 

structures resulting from their assembly. 
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Figure A3.26: SEM images of DMICE aggregates showing lamellar morphology. 

 

Figure A3.27: Confocal laser fluorescence microscopic images of DMICE aggregates showing 

lamellar morphology. 

 

Figure A3.28: Two types of dimers within the crystal assembly of DMICE-D, named as a) 

DMICE-D1 and b) DMICE-D2, showing different transient dipole orientations. 
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Figure A3.29: The fsTA spectra and corresponding deconvoluted time constants for DMICE-

D in ACN. 

 

Figure A3.30: a) The evolution associated spectra (EAS) and b) the overlaid experimental 

versus fitted traces at different wavelengths for DMICE-D in TOL. 

 

Figure A3.31: Electron and hole iso-surface plots of DMICE-D at the S2 state. 
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Figure A3.32: a) The nsTA spectra and b) decay trace at 440 nm for DMICE-D in TOL. 

 

Figure A3.33: a) The nsTA spectra and b) decay trace at 440 nm for DMICE-D in ACN. 

 

Figure A3.34: Natural transition orbitals (NTOs) of DMICE-D at the S1 and T5 states, showing 

the participation of non-bonding orbitals of the carbonyl group of the DMICE units for the S1 

state. Respective molecular orientation is shown on the left. 
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Figure A3.35: The fsTA spectra and corresponding deconvoluted time constants for DMICE-

T in TOL. 

 

Figure A3.36: The fsTA spectra and corresponding deconvoluted time constants for DMICE-

T in ACN. 

 

Figure A3.37: Electron and hole iso-surface plots of DMICE-T at the S1 and S2 states, showing 

CT character. 
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Figure A3.38: Electron and hole iso-surface plots of DMICE-T at the S3 state, showing Frenkel 

exciton nature. 

 

Figure A3.39: a) The nsTA spectra and b) decay trace at 440 nm for DMICE-T in TOL. 

 

Figure A3.40: a) The nsTA spectra and b) decay trace at 440 nm for DMICE-T in ACN. 
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Figure A3.41: Natural transition orbitals (NTOs) of DMICE-T at the S1 and T6 states, showing 

the participation of non-bonding orbitals of the carbonyl group of the DMICE units for the T6 

state. Respective molecular orientation is shown on the left. 

 

Figure A3.42: a) The evolution associated spectra (EAS) and b) the overlaid experimental 

versus fitted traces at different wavelengths for DMICE-D thin film. 
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Figure A3.43: a) Spectral traces of DMICE-D thin film at 0.8 ps for different pump fluences; 

b) Normalized kinetic traces of DMICE-D thin film at 570 nm for different pump fluences. 

 

Figure A3.44: Transient absorption spectral traces of a) DMICE-D film and b) DMICE-T film 

beyond 50 ps. 

 

Figure A3.45: The fsTA spectra and corresponding deconvoluted time constants for DMICE-

T thin film. 
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Figure A3.46: a) Spectral traces of DMICE-T thin film at 0.7 ps for different pump fluences; 

b) Normalized kinetic traces of DMICE-T thin film at 570 nm for different pump fluences. 

 

Figure A3.47: The fsTA spectra and corresponding deconvoluted time constants for DMICE 

thin film. 

3.6. Additional Tables 

Table A3.1: Previous works on elucidating the structure-property relationship in eumelanin and 

eumelanin substructures. 

Contributed by Journal Methods employed 

Buehler and coworkers Nat. Commun., 2014, 5, 3859 
Molecular dynamics (MD) 

simulations, DFT 

Blancafort and coworker 
Angew. Chem. Int. Ed., 2021, 

60, 18800 

Density functional theory 

(DFT) 

Hodgkiss and co-worker 
Proc. Natl. Acad. Sci., 2022, 

119, e2212343119 
Time-resolved spectroscopy 
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Buehler and coworkers Chem. Sci., 2017, 8, 1631-1641 
Molecular dynamics (MD) 

simulations, DFT 

Sundström and 

coworkers 

J. Am. Chem. Soc. 2014, 136, 

11626–11635 
Fluorescence spectroscopy 

Hariharan, Thomas and 

coworkers 

Chem. Sci., 2024, 

D4SC05453A 
3D-ED, solid state NMR 

Hariharan and coworkers Current work, 2024 

Single crystal XRD, Time-

resolved spectroscopy, 

Electron Microscopy 

Table A3.2: Crystallographic data and refinement parameters for DMICE-D. 

Parameters DMICE-D 

Formula C21H20N2O5 

Formula weight 380.39 

Colour Colourless 

Crystal system Monoclinic 

Space group, z P 21/c, 4 

A (å) 14.018(3) 

B (å) 17.554(3) 

C (å) 7.8113(15) 

Α (deg) 90 

Β (deg) 104.941(5) 

Γ (deg) 90 

Volume, a3 1857.1(6) 

R-factor 6.64 

Temp (K) 296 

Densitycalc(mg/m3) 1.360 

No. of reflections collected 31352 

Independent reflections 4644 

2θmax (deg) 28.471 

R indices, wr2, (i>2s(i)) 0.0664, 0.1446 

R indices, wr2 (all data) 0.1613, 0.1789 

Goodness of fit 1.025 

CCDC number 2389911 
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Table A3.3: DFT optimized geometry parameters of DMICE-D computed at different 

functionals/basis sets. 

Functional/basis set Dihedral angle, ϕ (°) 

(C6–C7–C14–C25) 

Bond angle, θ (°) 

(O44–C16–O45) 

Bond length, x 

(Å) (C15–C16) 

ωb97xd/6-311g+(d,p) 54.49 123.03 1.47 

cam-b3lyp/6-

311g+(d,p) 

57.71 122.76 1.47 

b3lyp/6-311g+(d,p) 58.66 122.75 1.48 

hseh1pbe/6-311g+(d,p) 54.31 122.79 1.47 

 

Table A3.4: DFT optimized geometry parameters of DMICE-T computed at different 

functionals/basis sets. 

Functional/ 

basis set 

Dihedral angle 

(°) (C16–C10–

C8–N7) 

Dihedral 

angle (°) (C4–

C3–C12–C17) 

Bond angle 

(°) (O32–

C31–O33) 

Bond 

length (Å) 

(C13–C31) 

ωb97xd/ 

6-311g+(d,p) 

39.59 60.11 124.44 1.47 

cam-b3lyp/ 

6-311g+(d,p) 

38.81 61.76 124.04 1.47 

b3lyp/ 

6-311g+(d,p) 

38.81 61.76 124.04 1.46 

hseh1pbe/ 

6-311g+(d,p) 

36.13 60.07 124.12 1.46 

Table A3.5: Vertical excitation energies of DMICE, DMICE-D and DMICE-T computed at the 

ωb97xd/6-311+g(d,p) level of theory. 

DMICE DMICE-D DMICE-T 

State dE(eV) f State dE(eV) f State dE(eV) f 

S1 4.205 0.484 S1 4.225 0.221 S1 3.880 0.342 

S2 4.320 0.114 S2 4.339 0.461 S2 4.141 0.145 

S3 5.319 0.000 S3 4.767 0.070 S3 4.317 0.410 

S4 5.486 0.020 S4 4.858 0.039 S4 4.449 0.469 

S5 5.536 0.087 S5 5.117 0.073 S5 4.503 0.028 

S6 5.737 0.002 S6 5.388 0.000 S6 4.603 0.047 
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S7 5.859 0.003 S7 5.460 0.015 S7 4.868 0.080 

S8 5.966 0.002 S8 5.503 0.012 S8 5.023 0.047 

S9 6.270 0.003 S9 5.536 0.009 S9 5.140 0.047 

S10 6.311 0.000 S10 5.563 0.006 S10 5.330 0.006 

Table A3.6: Solvent-dependent steady-state optical properties of DMICE-D and DMICE-T. 

Compound Solvent λabs (nm) λemi (nm) φfl (%) 

DMICE-D 
TOL 326 400 27.5 

ACN 325 432 17.5 

DMICE-T 
TOL 331 425 13.6 

ACN 331 454 4.6 

Table A3.7: Electronic coupling calculated via the excitation energy transfer (EET) method at 

the cam-b3lyp/6-311g+(d,p) for DMICE-D. 

Fragment Coulomb (meV) Exact exchange (meV) Exchange correlation (meV) 

1 & 2 0.40 3.36 0.49 

Table A3.8: Electronic coupling calculated via the excitation energy transfer (EET) method at 

the cam-b3lyp/6-311g+(d,p) for DMICE-T. 

Fragment Coulomb (meV) Exact exchange (meV) Exchange correlation (meV) 

1 & 2 0.00 1.14 1.67 

2 & 3 0.00 -1.34 -0.12 

1 & 3 -17.19 0.17 0.00 

Table A3.9: Coulombic and charge transfer coupling values calculated at the cam-b3lyp/6-

311g+(d,p) for the identified DMICE-D dimers within the crystal packing. 

J Dimer 1 Dimer 2 

JCT (cm-1) -12.74 9.41 

JCoul (cm-1) 47.85 54.34 

JTotal (cm-1) 34.71 63.75 

 

 



Chapter 3: Exciton Coupling and Structural Disorder Governing Photoprotection in Eumelanin 

Multimers 

115 
 
 

 

Table A3.10: Vertical excitation energies of nearest triplet states to the S1 state for DMICE-D 

and DMICE-T at the ωb97xd/6-311+g(d,p) level of theory. 

Compound  

(S1 energy) 
Triplet State Energy (eV) 

DMICE-D 

(S1 = 4.19 eV) 

T1 2.74 

T2 3.13 

T3 3.38 

T4 4.94 

T5 4.14 

T6 4.53 

DMICE-T 

(S1 = 3.88 eV) 

T1 2.58 

T2 2.79 

T3 3.13 

T4 3.36 

T5 3.55 

T6 3.74 

T7 3.88 

Table A3.11: Summary of decay rate constants of different species (obtained from fsTA and 

nsTA) for DMICE-D in TOL and ACN. 

Solvent Component A Component B Component C 

TOL 6.7 ps 2.43 ns 1.2 μs 

ACN 3.7 ps 2.18 ns 0.80 μs 

Table A3.12: Summary of decay rate constants of different species (obtained from fsTA and 

nsTA) for DMICE-T in TOL and ACN. 

Solvent Component A Component B Component C 

TOL 7.4 ps 0.98 ns 1.3 μs 

ACN 3.3 ps 0.34 ns 0.77 μs 
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Table A3.13: Comparison of structural and photophysical features of DMICE-based multimers 

and natural eumelanin. 

Property DMICE-D / 

DMICE-T 

Natural Eumelanin Remarks 

Monomeric 

Unit 

Substituted indole 

(DMICE) 

DHI, DHICA, 

indolequinones 

DMICE retains the 

indole scaffold with 

blocking groups to 

prevent polymerization 

Polymerization 

Tendency 

Bench-stable, 

controlled 

oligomers 

Spontaneous 

polymerization into 

heterogeneous polymers 

Structural modification 

stabilizes the molecules 

UV-vis 

Absorption 

In UV regime 

(DMICE-D), till 

~420 nm 

(DMICE-T) 

Broad UV-vis-NIR 

profile 

DMICE-T shows modest 

visible absorption; longer 

oligomers may extend 

further 

Absorption 

Profile 

Structured, 

molecule-specific 

Broad, featureless Aggregation and 

heterogeneity in 

eumelanin lead to 

featureless spectra; hard 

to dissect 

Excited-State 

Lifetime 

Ns-μs 

(monomers), sub–

ns (aggregates) 

Ps timescale (Proc. Natl. 

Acad. Sci. U.S.A., 2022, 

119, 43, e2212343119) 

Ultrafast internal 

conversion among 

neighbouring coupled 

chromophores 

Triplet State 

Formation 

Observed (μs 

lifetime) 

Less likely in polymer 

though suspected in 

monomers (J. Phys. 

Chem. B 2009, 37, 

12575–12580) 

Heavy-atom-free ISC 

possible in monomers 

Excited state 

charge-transfer 

Sub-ns timescale 

excited CT states 

Sub-ps timescale excited 

CT states (J. Phys. Chem. 

Lett. 2024, 15, 13, 3639–

3645) 

Excited CT states are 

predominant 
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Table A3.14: Comparison of protected (DMICE-based) and unprotected (DHI/DHICA) 

eumelanin multimers. 

Property Unprotected DHI/DHICA oligomers  

(J. Phys. Chem. B, 2012, 116, 44, 

13151; 

J. Am. Chem. Soc., 2014, 136, 33, 

11626) 

Protected DMICE-based 

oligomers  

(This work) 

Chemical stability Low (prone to oxidative 

polymerization and in situ 

photochemical reactions) 

High (methyl protection 

blocks uncontrolled 

polymerization) 

Excited-State 

Proton Transfer 

(ESPT) 

Observed; contributes to ultrafast 

fluorescence 

Suppressed due to methyl 

protection 

Fluorescence 

lifetimes (in 

solution) 

Multiexponential: short-lived (ps) + 

long-lived (ns) components 

Predominantly ns 

components in solution 

Fluorescence 

lifetimes (in 

aggregates/films) 

Unexplored due to fast polymerisation Multiexponential with 

emerging ps components 

(indicative of exciton effects) 

Triplet-state 

formation/ISC 

Unexplored due to fast polymerisation Directly observed and 

quantified using transient 

absorption 

Exciton effects Unexplored due to fast polymerisation Isolated and studied 

systematically across 

oligomer length 

Interpretability of 

photophysics 

Complicated by overlapping decay 

pathways and chemical heterogeneity 

Mechanistic contributions 

(e.g., ISC, exciton coupling) 

isolated and resolved 

Experimental 

tools 

Time-resolved fluorescence 

spectroscopy 

Transient absorption (fsTA 

and nsTA), time-resolved 

fluorescence spectroscopy, 

microscopy 
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3.7. Appendix 

3.7.1. Materials and Methods 

Detailed information regarding the materials and methods used is provided in Section 2.7.1. 

For thin-film measurements, cleaned square quartz substrates were used, and 1 mM sample 

solutions in chloroform were uniformly drop cast, followed by vacuum drying and storage 

under nitrogen. Diffuse-reflectance spectra were recorded, and Kubelka–Munk transformed 

absorption spectra were obtained using UVProbe (Shimadzu). Quantum yields were measured 

using an integrating sphere on a Horiba Jobin Yvon Fluorolog spectrometer (λexc = 340 nm for 

DMICE, 370 nm for DMICE-D, and 380 nm for DMICE-T). Fluorescence lifetimes were 

recorded using an IBH TCSPC system with a 310 nm excitation source (pulse width < 1 ns), 

and the decay profiles were deconvoluted and fitted with exponential functions using DAS 6.3 

to minimize χ2 values. Confocal imaging was performed using a Nikon Eclipse Ti microscope. 

3.7.2. X-ray Diffraction 

The 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-97.1 All programs used during the crystal structure 

analysis are incorporated in the WINGX software.2 The full validation of CIF and structure 

factor of the crystal structure 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 2021.2.0.3 

3.7.3. Estimation of radiative (kr) and non-radiative (knr) rate constants 

The radiative and non-radiative rate constants were calculated as follows. 
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𝜙𝐹 =
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
               (Equation A3.1) 

𝜏𝐹 =
1

𝑘𝑟+𝑘𝑛𝑟
                (Equation A3.2) 

𝑘𝑟 =
𝜙𝐹

𝜏𝐹
                     (Equation A3.3) 

where 𝜙𝐹  is the fluorescence quantum yield and 𝜏𝐹 is the fluorescence lifetime. 

3.7.4. Computational Analysis 

All geometry optimisations were carried out in Gaussian 164 employing the B97XD 

functional and 6-311G+(d,p) basis set at the DFT level of theory. The long-range Coulombic 

coupling for the molecules was computed using Excitation Energy Transfer (EET) method 

available in Gaussian 16. Electron and hole transfer coupling values were calculated by 

employing the CATNIP Tool version 1.9.9.5 CATNIP uses post-processed Gaussian 16 output 

files for the respective analyses. The two types of dimers from the crystal packing of DMICE-

D are denoted as DMICE-D1 and DMICE-D2. Hole-electron isosurfaces and NTO analysis for 

the systems were generated using Multiwfn 3.8. Visualization states were rendered using VMD 

1.9.3 software. Reorganisation energy of the molecules was computed following the expression 

𝜆𝑀=𝑆0@𝑆1−𝑆0@𝑆0 (J. Chem. Theory Comput., 2023, 19, 8, 2316–2326), where the 

reorganization energy is calculated as the energy difference in the S0 potential energy surfaces 

at S1 and S0 equilibrium geometries. Detailed information regarding TheoDORE analysis and 

excitonic coupling calculations are provided in Sections 2.7.3.5 and 2.7.3.6 respectively. 

3.7.5. Femtosecond Transient Absorption (fsTA) Measurement 

A Spectra-Physics Mai Tai SP mode-locked laser, with an operating frequency of 86 MHz and 

emitting light at 800 nm, served as the seed for a Spectra-Physics Spitfire ace regenerative 

amplifier. The regenerative amplifier operated at a repetition rate of 1 kHz and produced an 

output energy of 5.5 mJ. A fraction of the amplified output was utilized to generate the pump 

pulse through TOPAS. Simultaneously, the remaining 800 nm pulse underwent an optical delay 

within an ExciPro pump-probe spectrometer. A sapphire crystal introduced into this path 
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generated a white light continuum, which was then split into two streams, serving as probe and 

reference pulses. Femtosecond transient absorption spectra of the sample were captured using 

a dual diode array detector with a detection window of 200 nm and an optical delay of 3.5 ns. 

Sample solutions housed in a rotating cuvette with a path length of 1.2 mm were employed for 

recording. To enable accurate deconvolution of the transient absorption data, an instrument 

response function (IRF) was determined. The IRF, established through a solvent (10% benzene 

in methanol) two-photon absorption, was approximately 110 fs at around 530 nm. An 80% 

neutral density filter regulated incident flux on the sample. The observed kinetic components 

were independent of laser intensity, eliminating the possibility of singlet–singlet annihilation. 

The fsTA experiments were performed at the magic angle polarization ~54.7° of the pump. 

3.7.6. Sample Preparation for Thin Film for fsTA Analysis 

For the fsTA thin film measurements, a round quartz substrate was cleaned by sequential 

sonication in deionized water, isopropanol, and acetone for 10 min each and dried under 

nitrogen. Followingly, 1 mM sample solutions in chloroform were uniformly dropcasted on the 

quartz substrate. The films were dried in a vacuum and stored in a nitrogen atmosphere prior 

to the experiments. The magic angle polarization ~54.7°, between pump and probe pulses for 

the fsTA experiments were used to ensure an isotropic signal of the sample.  

3.7.7. Nanosecond Transient Absorption (nsTA) Measurement 

Nanosecond laser flash photolysis experiments were performed on nitrogen-degassed solutions 

of the samples. The measurements were carried out using an Applied Photophysics LKS-60 

laser kinetic spectrometer. Excitation was achieved with the third harmonic output (355 nm, 

~10 ns pulse width) of a Quanta Ray INDI-40-10 series pulsed Nd:YAG laser. 

3.7.8. Global Analysis 

The fsTA spectra underwent global analyses using Glotaran software. This process involved 

assessing the instrument time response function and the group velocity dispersion of the white 

continuum, enabling the computation of decay time constants and dispersion-compensated 
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spectra. Parallel model was also tested but resulted in poor fits compared to the sequential 

model, which provided the best description of the observed kinetics. In global analysis of the 

fsTA data, all wavelengths were simultaneously scrutinized, utilizing a sequential model to 

generate the time constants associated with specific spectral changes. 

3.7.9. Spectral Plotting and Data Handling 

All transient absorption spectra were recorded over two probe windows (~200 nm each) and 

stitched together to span the visible region. The central probe wavelengths were set to 520 nm 

for solution samples and 540 nm for film samples, which results in visible spectral 

discontinuities at the stitching points. For improved visual clarity, fsTA spectra were plotted 

after smoothing the raw data using Savitzky-Golay over 25 points (OriginLab); this procedure 

did not alter the spectral dynamics or features, as all quantitative analyses using Glotaran were 

performed using the raw data. 

 

 

 

 

 

 

 

 



Chapter 4: Eumelanin-Inspired Photoactive Molecules for Delayed Emission 

122 
 
 

 

Chapter 4 

Eumelanin-Inspired Photoactive Molecules for 

Delayed Emission 

Abstract 

Exploring the impact of 

molecular aggregation on 

excited-state energy landscapes 

is key to tailoring long-lived 

delayed emission in organic 

materials. Here, we demonstrate 

aggregation-assisted energy gap 

modulation governing the 

balance between delayed fluorescence (DF) and room-temperature phosphorescence (RTP) in 

the eumelanin-inspired hybrid charge-transfer emitters – HD and its brominated analogue BrD. 

In HD, J-aggregation, facilitated by a collinear molecular arrangement, significantly reduces 

the singlet–triplet energy gap (ΔEST), enhances reverse intersystem crossing (RISC), and 

increases the efficiency of radiative decay from the regenerated singlet state, thereby favouring 

DF. In contrast, BrD forms H-aggregates through strong π–π interactions, which increase ΔEST, 

suppress RISC and stabilize triplet excitons, resulting in prominent RTP. Time-resolved 

spectroscopy and theoretical calculations reveal that the hybridization of local-excited and 

charge-transfer states mediates excited-state evolution, with J-aggregation promoting DF and 

H-aggregation favouring RTP. These results establish a direct link between aggregation and 

distinct photoluminescence pathways, offering a strategy to tune delayed emission in bio-

inspired, organic materials. 
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4.1. Introduction 

Photoluminescent bio-organic materials have attracted significant attention due to their diverse 

optical behaviours.165, 166 Notably, room-temperature phosphorescence (RTP) and delayed 

fluorescence (DF) have emerged as valuable mechanisms for developing advanced organic 

materials used in light-emitting diodes, sensors, and bioimaging.167-170 RTP arises from 

intersystem crossing (ISC), where excitons undergo a nonradiative spin-flip to the triplet state 

followed by emission through a sequential spin-forbidden process.171 In contrast, thermally 

activated DF arises from the reverse intersystem crossing (RISC) of triplet excitons to the 

singlet excited state, followed by radiative decay.172, 173 For efficient RISC mediated DF, a small 

singlet–triplet energy gap (ΔEST) is essential, while persistent RTP requires mechanisms that 

stabilize triplet excitons and minimize energy loss through nonradiative 

pathways.172 Approaches to enhance RTP include incorporating heavy atoms or heteroatoms to 

strengthen spin–orbit coupling (SOC) and using rigid molecular frameworks to limit vibrational 

dissipation.174-176 In contrast, RISC mediated DF emitters typically feature donor–acceptor 

structures that spatially separate frontier orbitals, reducing ΔEST. Despite advances in these 

materials, achieving precise control over excited-state processes to regulate the delayed 

emission mechanisms remains a significant challenge.  

Hybrid locally-excited and charge-transfer (HLCT) states offer a promising approach 

to address this issue.177-180 While charge-transfer (CT) states generally suffer from weak 

fluorescence due to poor orbital overlap, their low exciton binding energy leads to near-

degenerate singlet and triplet states, favouring RISC.181, 182 In contrast, locally excited (LE) 

states have stronger radiative transitions but a larger ΔEST, limiting triplet harvesting.180 By 

merging LE and CT characteristics into a single HLCT state, it is possible to achieve both 

efficient luminescence and enhanced exciton utilization.181 Beyond molecular design, solid-

state organization plays a key role in shaping excited-state properties.183, 184 Unlike doped host–

guest matrices where DF is commonly observed, RTP predominantly occurs in crystalline 

solids where aggregation suppresses nonradiative triplet deactivation.185, 186 Unlike cross-

aggregates48, J- and H-aggregates strongly influence luminescence pathways,187, 188 yet their 

role in balancing RTP and DF remains underexplored.183, 189  



Chapter 4: Eumelanin-Inspired Photoactive Molecules for Delayed Emission 

124 
 
 

 

Recent studies have shown that distinct packing arrangements within molecular 

polymorphs can lead to concurrent RTP and DF emission, highlighting the importance of 

aggregate structure in governing excited-state dynamics.190-195 Energy-gap modulation 

strategies have also been employed in CT co-crystals to achieve colour-tunable 

phosphorescence and control RTP/DF output by tuning donor strength and aggregation 

motifs.196-198 We investigate how aggregation influences the excited-state properties of two 

eumelanin-based CT emitters, HD and its brominated analogue BrD (Figure 4.1a and 4.1b). 

Both molecules feature a weak donor–acceptor architecture and exhibit a HLCT state. While 

HD aggregates emit blue delayed fluorescence, BrD aggregates display yellow 

phosphorescence (Figure A4.1). We observe a correlation between the luminescence behaviour 

and aggregation pattern. Crystalline HD forms J-aggregates via oxygen-centred interactions, 

reducing ΔEST, promoting RISC and favouring DF. In contrast, crystalline BrD forms H-

aggregates through π–π and Br⋯H interactions, increasing ΔEST, suppressing RISC and leading 

to dominant RTP. Spectroscopic and theoretical analyses establish a direct link between 

aggregation and delayed emission behaviours, offering a strategy to tune RTP and DF in bio-

organic luminescent materials. 

4.2. Results and Discussion 

4.2.1. Synthesis, structural characterization and optical properties 

Novel indole-based molecules, HD and BrD, were synthesized following synthetic procedures 

adapted from a previous report.116 Benzylation of ethyl 5,6-dimethoxy-1H-indole-2-

carboxylate (DMICE) with benzyl bromide yielded HD in 71% yield (Scheme A4.1, Figures 

A4.2 and A4.3). Similarly, bromination of DMICE using N-bromosuccinimide (NBS), 

followed by benzylation, produced BrD in 58% yield (Scheme A4.2, Figures A4.4 and A4.5). 

High-quality, colourless single crystals suitable for X-ray crystallography were obtained by 

slow evaporation of the indole-based derivatives in ethyl acetate/hexane mixtures at room 

temperature. The molecular structures of HD and BrD were unequivocally confirmed through 

single-crystal X-ray diffraction, which also revealed their solid-state packing arrangements 

(Figures 4.1c, 4.1d and A4.6). HD crystallized in the orthorhombic crystal system with the 

space group Pca21, while BrD adopted the monoclinic crystal system with the space 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig1
https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig1
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group P21/c (Table A4.1). Dihedral angles of 78° and 79° were observed between the indole 

unit and the benzyl group in HD and BrD respectively, indicating similar conformational 

preferences in the solid state. To further validate these findings, geometry optimizations were 

performed at the cam-b3lyp/6-311+g(d,p) level of theory. The calculated dihedral angles of 

approximately 72° and 74° for HD and BrD respectively, were in agreement with the 

experimental values obtained from single-crystal X-ray diffraction (Figure A4.7), supporting 

the reliability of the computational approach. 

 

Figure 4.1: Chemical structures of a) HD and (b) BrD; crystal packing of c) HD and d) BrD 

showing the intermolecular distances; e) normalized fluorescence spectra of HD in HEX and 

ACN; f) prompt fluorescence lifetime profile of HD in HEX and ACN. 

The electronic properties of HD and BrD were investigated using UV-vis absorption 

spectroscopy, fluorescence emission spectroscopy, and time-correlated single-photon counting 

(TCSPC) measurements. The UV-vis absorption spectrum of HD in hexane (HEX) exhibited a 

maximum at 303 nm, closely resembling the absorption characteristics of 5,6-dihydroxyindole 

carboxylic acid (DHICA), which is the monomer of the bio-pigment eumelanin.23, 75, 98, 107 In 

contrast, the brominated analogue BrD showed a red-shifted absorption maximum at 309 nm 

in HEX compared to that of HD in HEX, attributed to a reduced HOMO–LUMO gap induced 

by bromine incorporation (Figure A4.8a).199 Upon photoexcitation, HD in HEX displayed a 

fluorescence emission maximum at 363 nm, while BrD in HEX exhibited a slightly red-shifted 
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fluorescence maximum at 368 nm (Figure A4.8b), corresponding to a bathochromic shift of ∼5 

nm. Photoluminescence quantum yield measurements in HEX, determined by the relative 

method, revealed a significant decrease for BrD compared to HD, likely due to the heavy atom 

effect of bromine.107 Specifically, HD exhibited a photoluminescence quantum yield (ϕf) of 

52.0% in HEX, which dropped to 1.9% for BrD in HEX, highlighting the pronounced impact 

of bromine substitution on emission efficiency.87  

To explore solvent effects, the steady-state UV-vis absorption and fluorescence spectra 

of HD and BrD were recorded in two solvents of different dielectric constants, i.e., HEX (ε = 

1.88) and acetonitrile (ACN, ε = 37.5). The UV-vis absorption spectra of both compounds 

showed minimal solvent dependence, indicating that the S0 → S1 transition is dominated by an 

LE state with negligible solvent sensitivity (Figure A4.9). In contrast, the fluorescence spectra 

exhibited significant solvent-dependent changes. In nonpolar HEX, the emission spectra of HD 

and BrD displayed well-resolved vibronic features, whereas in polar ACN, the spectra 

broadened and red-shifted, suggesting the emergence of HLCT character in the relaxed S1 state 

(Figure 4.1e and A4.10).180 In both HD and BrD, the HLCT state likely arises from the interplay 

and coupling between LE and CT states. As solvent polarity increases, the CT energy level 

decreases due to stabilization from stronger solvent interactions, while the LE state remains 

largely unchanged.181 In low-polarity solvents, luminescence is primarily governed by the LE 

component, as indicated by the vibronically resolved emission band. With increasing polarity, 

the lower-energy CT component progressively influences the emission process, leading to an 

inter-crossed HLCT character. 

Solvent polarity also affected the fluorescence lifetimes of HD and BrD. In nonpolar 

HEX, HD showed a mono-exponential decay with a 2.8 ns lifetime, which increased to 3.4 ns 

in polar ACN, consistent with HLCT emission (Figure 4.1f). The mono-exponential behaviour 

suggests that LE and CT states merge into a single hybridized state.181 This state likely 

combines the large dipole moment of the CT state with the strong orbital overlap of the LE 

state, resulting in high emission. BrD in HEX showed an average fluorescence decay of <1 ns. 

Meanwhile in ACN, BrD showed a mono-exponential fluorescence lifetime of 3.4 ns (Figure 

A4.11). The mono-exponential and increased fluorescence lifetimes in polar solvents for HD 

and BrD reflect the influence of solvation and the radiative nature of the excited-state hybrid 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig1
https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig1
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charge-transfer process.180 The excited-state electronic configuration further confirms the 

HLCT nature of emission in HD and BrD, involving electron density redistribution between 

the indole ring and the benzyl unit (Figures 4.2e and A4.12; Tables A4.2 and A4.3), unlike their 

non-benzylated analogues, where both hole and electron densities remain confined only to the 

indole moiety (Figure A4.13). 

The UV-vis absorption and emission spectra of HD and BrD in the crystalline state are 

presented in Figure A4.14a. Significant differences between the solution and crystalline spectra 

of HD and BrD highlight the impact of aggregation.200 In the crystalline state, HD exhibited a 

broadened absorption band extending up to 390 nm, with a tail reaching 400 nm, indicative of 

strong intermolecular interactions. For crystalline BrD, the absorption spectrum showed even 

greater broadening and a pronounced red shift, with prominent absorption up to 400 nm. 

Fluorescence emission spectra in the crystalline state revealed maxima at 382 nm for HD and 

392 nm for BrD (Figure A4.14b). The substantial red shifts in the electronic absorption spectra 

of the crystalline assemblies compared to their monomeric forms suggest excitonic interactions. 

Additionally, crystalline BrD exhibited a weak, red-shifted emission band at 475–650 nm, 

which we attribute to triplet-state emission, consistent with previous studies on modified indole 

molecules.87 Photoluminescence quantum yield measurements in the crystalline state, 

determined using the absolute method, yielded values of 21.3% for HD and 0.18% for BrD. 

To elucidate how structural motifs govern excited-state behaviour,125 we analysed the 

crystal packing of the benzylated indole molecules HD and BrD, identifying their dominant 

dimeric arrangements (Figure A4.15). In HD, close intermolecular contacts are dominated by 

H⋯H interactions, as revealed by Hirshfeld surface analysis, which shows that these account 

for 51.4% of the total intermolecular contacts (Figure A4.16 and Table A4.4). A distinctive tail-

to-tail dimeric configuration stabilized by CH⋯O contacts was observed in HD. In contrast, 

BrD features additional stabilizing contacts, including Br⋯H (10.9%) and C⋯C (3.3%) 

interactions (Figure A4.17 and Table A4.4). Notably, the C⋯C contacts in BrD facilitate π–π 

stacking with an intermolecular distance of 3.60 Å, forming a stacked dimeric assembly absent 

in HD (Figure 4.1d). To quantify the stabilizing forces in these aggregates, symmetry-adapted 

perturbation theory (SAPT(0)) calculations were performed on the dimers,123 revealing 

dispersion interactions as the primary contributor for the tail-to-tail dimer in HD and π–π 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig2
https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig1
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stacked dimer in BrD (Table A4.5). Non-covalent interaction (NCI) index analysis and 

electrostatic potential (ESP) maps further corroborated these findings, indicating strong 

stabilization within both dimer assemblies (Figures A4.18 and A4.19).201, 202  

Aggregation behaviour was further investigated in THF/H2O mixtures. Decreasing 

the fTHF percent (fTHF is the fraction of THF in the total volume of solution) led to changes in 

the fluorescence emission of HD and BrD aggregates. For HD, the fluorescence intensity red-

shifted from 373 nm in 100% THF to 413 nm in 10% THF (Figure A4.20). On the other hand, 

BrD exhibited an additional band appearing at 470–650 nm in 10% THF compared to the sharp 

emission band centred at 377 nm in 100% THF. The fluorescence intensity of BrD aggregates 

at 360–450 nm decreased by ∼8.5 times in 10% THF solutions with respect to 100% THF 

solutions (Figure A4.21). These results demonstrate that aggregation significantly alters the 

photophysical properties of HD and BrD, modulating their decay pathways in the solution state. 

The spectral shifts and emission behaviour in THF/water mixtures closely parallel those 

observed in the crystalline state, indicating that solution-state aggregates can emulate solid-

state electronic interactions. 

4.2.2. Delayed Emission in Monomer Versus Aggregates 

To elucidate the differences in excited-state behaviour among monomeric solutions, aggregate 

solutions, and crystalline states, gated-emission experiments were conducted. At room 

temperature, crystalline HD exhibited a strong, well-defined delayed emission peak at 387 nm 

with a lifetime of 484 μs upon 340 nm excitation (Figure 4.2a and 4.2b). This peak closely 

aligns with the prompt crystalline emission, suggesting DF originating from the singlet excited 

state (S1 → S0). Temperature-dependent gated emission measurements further confirmed the 

role of thermal energy in activating the DF (Figure A4.22): at 77 K, the delayed emission 

intensity and lifetime significantly decreased, with the emergence of a vibronically resolved 

red-shifted band (480–650 nm), attributed to triplet-state emission (T1 → S0). This behaviour 

indicates that thermal energy is essential for efficient RISC in HD, a hallmark of RISC mediated 

DF materials.168 To exclude the possibility of triplet–triplet annihilation (TTA), we examined 

the excitation power dependence of the delayed emission lifetimes. The observed invariance in 

lifetime across different excitation intensities supports a monomolecular RISC pathway (Figure 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig2
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A4.23). This is consistent with recent studies reporting efficient RISC in CT systems, even in 

the presence of relatively large S1–T1 energy gaps.189, 203  

 

Figure 4.2: a) Normalized gated emission spectra of crystalline HD and BrD at room 

temperature (delay = 0.05 ms); b) decay profiles of gated emission of crystalline HD and BrD; 

c) gated emission spectra of BrD aggregates in different % of THF concentration (fTHF) in THF-

water mixtures at room temperature (delay = 0.05 ms); d) plot showing emergence of RTP 

(λem = 500 nm) with increase in fTHF; e) singlet excited state of BrD showing partially 

delocalized hole and electron densities. 

In solution, HD displayed weak DF with a lifetime of <10 μs, suggesting that 

aggregation provides a rigid environment and enhances RISC, facilitating upconversion to the 

CT state (Figure A4.24).183 In contrast, crystalline BrD exhibited pronounced RTP, with a 

strong phosphorescence band spanning 480–650 nm and a lifetime of 950 μs (Figure 4.2a and 

4.2b). A weaker DF band (370–450 nm) was also observed. The phosphorescence intensity was 

nearly 15 times greater than the DF, highlighting efficient triplet-state emission. The presence 

of bromine in BrD likely influences the dominance of phosphorescence by enhancing ISC, 

while crystallization favours radiative decay over nonradiative relaxation from the lowest 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig2
https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig2
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triplet state.185, 204 In solution, BrD primarily emits via fluorescence at 360–440 nm at room 

temperature, but at 77 K, a distinct phosphorescence band (460–660 nm) emerged, with an 

intensity ∼22 times greater than fluorescence intensity and a lifetime of 19.3 ms (Figure A4.25). 

The temperature dependence confirms the phosphorescent nature of the emission, with bromine 

facilitating the ISC. Crystallization further stabilizes triplet excitons by suppressing 

nonradiative decay and minimizing oxygen quenching, demonstrating the critical role of 

molecular packing in modulating excited-state dynamics (vide infra).185  

To mimic interchromophore interactions and the rigid crystalline environment in 

solution, delayed emission measurements were performed for HD and BrD in THF/water 

mixtures. For HD, decreasing the THF fraction (fTHF) significantly altered the DF intensity, with 

a 3-fold increase at fTHF = 10% compared to fTHF = 100% (Figure A4.26). The DF lifetime of 

HD increased from >10 μs in fTHF = 100% to 0.15 ms in fTHF = 10% solutions. This suggests 

that aggregation induces rigidity within the chromophores, promoting RISC, even within 

solution-states.203 For BrD, phosphorescence emerged in solutions where fTHF = 20% and 

further intensified as fTHF decreased (Figure 4.2c and 4.2d). At fTHF = 10%, the 

phosphorescence intensity was ∼25 times greater than the fluorescence at 385 nm, with 

lifetimes extending from 0.55 ms (fTHF = 20%) to 0.75 ms (fTHF = 10%), indicative of 

aggregation-induced phosphorescence (Figure A4.27). Incorporating HD and BrD into 

poly(methyl methacrylate) (PMMA) matrix resulted in delayed emission lifetimes that were 

shorter than those observed in the crystalline state, though still significantly longer than in neat 

aggregate (fTHF = 100%) solutions. PMMA-coated thin films of HD exhibited DF at 385 nm 

with a lifetime <10 μs, while BrD films showed intense phosphorescence (470–650 nm) with 

a lifetime of 0.08 ms (Figure A4.28). Although the PMMA matrix acts as an oxygen barrier and 

suppresses quenching, the delayed emission lifetimes were reduced compared to the crystalline 

state, likely due to differences in molecular packing and rigidity.203 This suggests that while 

PMMA can stabilize triplet excitons to some extent, the highly ordered crystalline environment 

provides superior stabilization for long-lived delayed emission.205 Nevertheless, the PMMA 

films successfully replicated the key photophysical features of the crystalline state, 

demonstrating the potential of polymer matrices to mimic solid-state behaviour in thin-film 

applications. The ability to replicate crystalline electronic interactions and rigid environments 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig2


Chapter 4: Eumelanin-Inspired Photoactive Molecules for Delayed Emission 

131 
 
 

 

in solution-state aggregates and polymer matrices establishes a versatile platform for 

manipulating photophysical behaviour, bridging the gap between solution and solid-state 

properties. 

4.2.3. Excited State Deactivation 

To investigate the excited-state processes responsible for efficient delayed emission in the 

indole-based molecules HD and BrD, femtosecond transient absorption (fsTA) measurements 

were performed. The fsTA spectra of HD and BrD in THF are presented in Figure 4.3. For HD, 

photoexcitation at 330 nm using a 100-fs pump pulse generated a broad positive feature 

spanning 470–740 nm, resembling the singlet absorption observed in DHICA and its protected 

derivatives.75, 86, 87 Within few tens of picoseconds, the absorption maximum red-shifted from 

600 nm to 660 nm, and the resulting species persisted throughout the experimental time window 

of ∼3.5 ns. Global fitting of the time-resolved fsTA spectra using an A → B → GS (GS = 

ground state) sequential model yielded the evolution-associated spectra (EAS) for HD. 

Deconvolution of the fsTA spectra of HD in THF revealed two spectral components. The first 

component (component A), attributed to the relaxation of the singlet excited state, decayed with 

a lifetime of 63.7 ps. The second component (component B), corresponding to the HLCT state, 

decayed within 3.66 ns, closely matching the fluorescence lifetime. Additionally, a marginal 

rise at ∼460 nm was observed for HD at time delays >3.5 ns, which, based on previous studies 

of modified indoles, could reveal the triplet state evolution from the HLCT state.87  

For BrD in THF, excitation at 330 nm produced a broad singlet absorption feature 

between 510–740 nm, peaking at 665 nm (Figure 4.3d). The decay of the singlet excited state 

within a few picoseconds was accompanied by the emergence of a peak at ∼460 nm. Unlike 

HD, the initial broad feature at 600 nm was not observed for BrD, likely due to faster CT 

dynamics. Given that ISC occurs within a few picoseconds, solvent relaxation of the Frenkel 

exciton state may occur on a timescale comparable to or faster than the instrument's response 

function. Global fitting of the fsTA spectra of BrD using the A → B → GS model yielded two 

spectrally distinct components (Figure 4.3e). The first component (component A), representing 

the decay of the HLCT state, exhibited a lifetime of 9.5 ps, while the second component 

(component B), attributed to triplet states, persisted throughout the experimental time delay 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig3
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(>3.5 ns).87 The CT and ISC dynamics of HD and BrD mediate the delayed emission pathways 

observed for the molecules. The distinct spectral evolution and lifetimes of the HLCT and 

triplet states provide critical insights into the photophysical mechanisms underlying delayed 

emission in these modified indoles.206 The benzyl groups in HD and BrD introduce low-energy 

CT states that hybridize with the main indole unit's singlet 1(π–π*) state. These HLCT states 

comprise a partially localized electron cloud across the indole backbone and benzyl ring, 

reducing the exchange energy and promoting triplet formation in both compounds. 

Furthermore, in BrD, bromine accelerates intersystem crossing (ISC) and yields efficient 

triplet-state population. In contrast, HD exhibits a long-lived CT state that facilitates RISC from 

the triplet excited state back to the emissive HLCT state, enabling DF. 

Given the efficient DF and RTP observed in crystalline and polymer-coated films of HD 

and BrD, fsTA measurements were extended to concentrated thin films of HD and BrD 

embedded in PMMA matrices. The excited-state absorption peaks of these aggregated films 

exhibited subtle deviations from solution-phase peaks, likely due to perturbations in excited-

state energetics induced by molecular aggregation.207 For HD film, photoexcitation at 330 nm 

generated an excited-state absorption band with a maximum at 575 nm (Figure A4.29). Within 

a few picoseconds, the spectral intensity diminished, and a broader species developed at ∼440–

700 nm. Spectral deconvolution revealed three components in the fsTA spectra. The first 

component (component A), associated with the singlet excited state, decayed within 4.9 ps to 

form component B. Component B is noteworthy due to its broadened characteristic and is 

attributed to the HLCT state. The HLCT state decayed within 113.8 ps to form a relaxed HLCT 

state with significant absorption in 440 nm range.87, 107 The relaxed HLCT state persisted even 

at time delays greater than 3.5 ns. For BrD, the excited-state dynamics were significantly faster 

than those of HD (Figure 4.30). Photoexcitation initially produced an excited-state absorption 

band at 575 nm, which decayed within a few hundred femtoseconds to form a broad HLCT 

band. The population of triplet states was observed upon the decay of the broad HLCT state. 

Spectral deconvolution identified the singlet excited state (component A) with a lifetime of 1.9 

ps, followed by the HLCT state (component B) with a decay time constant of 69.0 ps. Triplet 

excited states (component C) evolved with the decay of HLCT state and persisted for >3.5 ns. 

In both HD and BrD thin film aggregates, ultrafast population of intermediate HLCT and triplet 
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states as well as rigidification suppresses nonradiative internal conversion and vibronic 

relaxation, thereby enhancing delayed emission efficacy. 

 

Figure 4.3: a) Femtosecond transient absorption (fsTA) contour plot of HD in THF (colour 

scale of the contour plot represents ΔA/102 a.u.), b) deconvoluted EAS plot of HD in THF, c) 

deconvoluted decay time constants of the EAS for HD in THF; d) FsTA contour plot of BrD in 

THF, (e) deconvoluted EAS plot of BrD in THF, (f) deconvoluted decay time constants of the 

EAS for BrD in THF. 

Time-resolved electron paramagnetic resonance (TR-EPR) measurements in crystalline 

HD and BrD further confirmed the triplet excited state populations in the crystalline samples. 

After photoexcitation at 355 nm by a nanosecond pulsed laser, a TR-EPR spectrum was 

observed with an electron spin polarization (ESP) pattern of E/E/E/A/A/A for both samples at 

80 K, where A and E represent enhanced absorptive and emissive polarizations, respectively 

(Figure A4.31). The triplet states exhibit zero-field-splitting (ZFS) simulated by the parameters 
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of (D, E) = (0.107 cm−1, −0.015 cm−1) for HD and (0.107 cm−1, −0.035 cm−1) for BrD 

considering the relative sublevel populations by ISC of (Px, Py, Pz) = (0.5, 0.5, 0) for both 

samples. The EPR parameters are typical of the 3(π–π*) characters of the metal-free aromatic 

molecules, denoting that the in-plane sublevel populations occurs via the spin–orbit coupling 

through the vibronic effect between the 1(π–π*) and 3(π–π*) characters, while smaller 

magnitudes of the parameters of |D| (<0.05 cm−1) are reported for the 3CT characters.208-210 The 

observed triplet characters are consistent with the formation of low-lying T1 states with 3(π–π*) 

character, stabilized by spin–spin exchange, as supported by DFT calculations (Figure 

A4.32).211  

Our investigation provided fresh insights into the mechanisms governing delayed 

emission in these systems. In BrD aggregates, the energy levels were relatively well separated 

so that the initially excited singlet state predominantly evolved into HLCT states, which then 

efficiently generated lower-energy triplet excited states. These processes were strongly 

influenced by intermolecular interactions and the rigid constraints of the solid state, resulting 

in an alternative pathway for triplet exciton decay rather than efficient RISC.206 On the other 

hand, HD aggregates displayed significant excited-state mixing due to the small singlet–triplet 

energy gap: a transient CT state rapidly relaxed into a lower-energy configuration with 

significant triplet mixing. The small energetic gap between the CT and higher triplet excited 

states enabled robust mixing, as suggested by correlated transient absorption features.206 The 

nature of this CT-triplet mixture evolved over time, evidenced by the persistence of the relaxed 

HLCT absorption even at time delays greater than 3.5 ns. In HD, reverse internal conversion 

from the localized T1 state to higher-lying HLCT triplet states could be facilitated. Further, a 

spin-flip transition to the 1CT configuration could be enabled, which subsequently relaxes 

radiatively via mixing with the 1(π–π*) state. These findings are consistent with recent studies 

on small π-conjugated DF systems, which emphasize that a substantial CT contribution and 

close energetic proximity to a Tn state, can significantly enhance RISC.212 A detailed analysis 

of the aggregate structures of HD and BrD, presented in the following section, elucidates why 

crystalline samples exhibit efficient delayed emission compared to their respective solution 

counterparts. 
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4.2.4. Influence of interchromophore interactions on delayed emission 

Exciton coupling within the dimeric assemblies directly influence the difference in 

photophysical properties of HD and BrD crystals (Table A4.6). Exciton splitting arises from 

long-range coulombic coupling (JCoul) and short-range CT coupling (JCT) mediated by HOMO–

LUMO overlaps (Figure A4.33).51 For HD, electronic coupling calculations revealed a JTotal of 

−142 cm−1, characteristic of J-aggregate behaviour dominated by coulombic 

interactions.125 This J-type coupling aligns with the observed red-shifted, narrow absorption 

band in the crystalline state (Figure A4.14), as head-to-tail transition dipole alignment decreases 

energy of the allowed transition. On the other hand, BrD demonstrated JTotal = 213 cm−1, 

reflecting H-aggregate behaviour with significant contributions from both coulombic and 

orbital overlap interactions. The absorption broadening in the blue-wavelength region for BrD 

crystals arises from face-to-face π-stacking, which increases the energy of the allowed excitonic 

state, which is a hallmark of H-aggregates (Figure A4.14).125 Transition dipole moment 

analyses confirmed the aggregation patterns in HD and BrD (Figure A4.34). 

Excited-state energy calculations on crystallographic dimers further underscored the 

role of aggregation in modulating excited-state pathways (Figure 4.4). In HD, the dimeric S0 → 

S1 transition exhibited a significant oscillator strength (f = 0.15) which is characteristic of J-

aggregation.51, 125 Notably, while the HD monomer displayed an extremely small singlet–triplet 

energy gap (ΔEST = 0.003 eV), aggregation tuned this gap to ΔEST = −0.003 eV (Tables A4.7 

and A4.8). This near-zero, marginally negative energy gap facilitates efficient RISC from Tn to 

S1, following reverse internal conversion from T1, thereby enabling and supporting the 

observed delayed fluorescence in HD aggregates.189 In contrast, the S0 → S1 transition in BrD 

aggregates exhibited near-zero oscillator strength, contrasting sharply with the monomer's 

value (f = 0.31), which is indicative of H-aggregation. As a result, the S0 → S2 transition 

emerged as the first bright state. Moreover, for monomeric BrD, the ΔEST was 0.047 eV, which 

increased to 0.77 eV upon aggregation (Tables A4.9 and A4.10). Although crystallization-

induced rigidity and the presence of bromine can suppress nonradiative decay and enhance ISC, 

these factors alone do not account for the observed RTP in BrD. Notably, previously reported 

brominated, non-benzylated indole-based analogues did not exhibit RTP in the crystalline state, 

despite comparable heavy-atom substitution and packing-induced rigidity.87, 107 H-aggregation, 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig4
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which favours strong π–π stacking, typically promotes ISC and the stabilization of triplet states, 

directing the system toward RTP rather than DF. 

 

Figure 4.4: a) In crystalline state, HD molecules are arranged as an oxygen-centred J-type 

aggregate with reduced singlet–triplet energy gap, enabling DF; b) in crystalline state, BrD 

molecules are arranged as a π–π-stacked H-type aggregate with increased singlet–triplet energy 

gap, disabling DF and promoting RTP. The navy blue and olive-green arrows denote the 

transition dipole moments for the S1 transition in J-aggregates of HD and S2 transition in H-

aggregates of BrD respectively. 

In both HD and BrD aggregates, the number of high-lying triplet excited states increases 

(Figure 4.4), suggesting that crystalline packing facilitates additional ISC pathways compared 

to solution. To account for the stark contrast between the DF observed in HD crystals and the 

RTP in BrD crystals, the emission oscillator strength of the S1 state also emerges as a key 

distinction factor. As supported by the excited state energy calculations (Tables A4.7–A4.10), 

the oscillator strength of S1 state is substantially larger in the HD dimer than in the BrD dimer. 

This difference indicates more efficient radiative decay in HD (kr,f ≈ 1.21 × 108 s−1) and notably 

suppressed radiative decay in BrD (kr,f ≈ 7.61 × 104 s−1), according to Einstein's expression for 

spontaneous emission, kr,f = fEg
2/1.499, where Eg is the energy of S1 state and f is the oscillator 

strength, highlighting the crucial role of aggregation in tuning emission properties. Although 

the oscillator strength (f) of the S1 state increases upon aggregation in crystalline HD, the 

https://pubs.rsc.org/en/Content/ArticleLanding/2025/SC/D5SC02071A#fig4
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photoluminescence quantum yield decreases in comparison to solution, owing to the emergence 

of closely spaced triplet states that introduce additional ISC pathways competing with radiative 

decay. 

The excited-state energy landscape in crystalline HD and BrD offers key insights into 

their divergent emission behaviours. In HD aggregates, although higher triplet states such as 

T13 and T14 are nearly isoenergetic with S1, delayed fluorescence occurs due to a thermally 

assisted, multistep RISC mechanism rather than direct RISC from these higher states. Transient 

absorption spectroscopy suggests that the Tn states exhibit HLCT character, while time-

resolved EPR measurements identify T1 as a localized 3(π–π*) state. These results, together 

with temperature-dependent gated emission, support that excitons initially relax to T1, followed 

by vibrationally activated upconversion to higher-lying Tn states, which then undergo RISC to 

S1.213, 214 Importantly, the distinct electronic characters of T1 (LE) and Tn (HLCT) enable non-

adiabatic coupling, facilitating efficient RISC through a T1 → Tn → S1 pathway. The absence 

of strong π–π interactions around the benzyl substituents in HD may enable low-frequency 

torsional modes, which can couple to phonon modes in the aggregate to compensate the 

activation enthalpy-entropy to assist the upconversion.215 In contrast, BrD aggregates exhibit 

neither near-resonant Tn states nor structural flexibility around the benzyl groups (Figure 

A4.35). The presence of strong π–π stacking interactions in BrD constrains molecular motion 

and restricts access to thermally driven pathways. Additionally, the narrower triplet manifold 

(Tn–T1 ∼ 0.43 eV) facilitates rapid internal conversion, precluding repopulation of Tn and 

suppressing RISC. Collectively, these findings illustrate how molecular packing modulated the 

excited-state dynamics: J-aggregates, as observed in HD, lowered ΔEST and enhanced RISC to 

favour DF, while H-aggregates in BrD increased ΔEST and suppressed RISC, channelling 

excitation energy into phosphorescence. 

4.3. Conclusion 

The present work demonstrates how molecular aggregation in bio-inspired HLCT systems can 

effectively modulate the energy gap between singlet and triplet states, enabling a tunable 

transition between the DF and RTP. By leveraging J-aggregation in a eumelanin-based molecule 

(HD) and H-aggregation in its brominated derivative (BrD), we show that the interplay between 



Chapter 4: Eumelanin-Inspired Photoactive Molecules for Delayed Emission 

138 
 
 

 

oxygen-centred and bromine-induced interactions can significantly influence the excited-state 

dynamics, ultimately steering the emission pathway toward DF or RTP. The HLCT state 

integrates the orbital overlap of LE states with the dipolar character of CT states, enabling 

efficient radiative decay in crystalline HD. Gated emission measurements reveal that the 

phosphorescence lifetime for crystalline BrD is 0.95 ms, while the DF lifetime for crystalline 

HD is 0.48 ms, both at room temperature, underscoring the efficiency of the long-lived emission 

channels for both systems. Solution-phase aggregation of HD and BrD is achieved in THF/H2O 

mixtures, where the DF lifetime for HD aggregates is 0.15 ms, while the RTP lifetime for BrD 

aggregates is 0.75 ms in 10% THF solutions. The hybrid CT states play a central role in 

mediating the excited-state evolution, with aggregation type (J-versus H-aggregate) 

deciphering the delayed emission mechanisms (DF versus RTP) in HD and BrD. Our findings 

highlight the importance of aggregation-assisted energy gap modulation in achieving long-

lived, efficient emission in organic luminescent materials. Furthermore, the work presents new 

opportunities for controlling emission behaviour in solid-state materials, bridging the gap 

between solution and solid-state properties for practical applications. 

4.4. Experimental Section 

4.4.1. Syntheses and Characterization  

4.4.1.1. Synthesis and Characterization of HD 

NaH (45.7 mg, 1.15 mmol) was added in small portions to a solution of DMICE (0.50 mmol) 

in DMF (10 mL) under argon. After stirring for 30 min, benzyl bromide (178 mg, 0.90 mmol) 

was added, and the reaction was stirred for 1 h. The mixture was quenched with ice-cold water, 

extracted with EtOAc, dried over MgSO₄, filtered, and concentrated under reduced pressure. 

The crude product was purified by column chromatography (silica, 30% EtOAc/hexane) to 

afford HD as a white powder (71% yield). 
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Scheme A4.1: The reaction scheme for the synthesis of HD. 

1H NMR (500 MHz, DMSO-d6, ppm): δ = 7.42-7.33 (m, 4H), 7.29 (s,1H), 7.26 (s,1H), 7.16 

(d, J= 7.9 Hz ,2H), 5.97 (s, 2H), 4.38 (q, 2H), 3.92 (s, 6H), 1.40 (t, J = 7.0 Hz, 3H). 

13C NMR (125 MHz, CDCl3, ppm): δ =161.82, 150.04, 146.27, 138.32, 134.88, 128.60, 127.09, 

126.19, 118.94, 110.93, 102.58, 92.77, 60.27, 56.17, 56.05, 48.04, 14.36. 

Melting point: 970C. 

4.4.1.2. Synthesis and Characterization of BrD 

BrD was synthesized via bromination of DMICE followed by benzylation. Partially dissolved 

DMICE (0.50 mmol) in MeCN (2 mL) was placed in a 50 mL round-bottom flask, and a 

solution of N-bromosuccinimide (NBS, 0.525 mmol) in MeCN (7 mL) was added dropwise 

over 5 min. The mixture was stirred at room temperature for 30 min, diluted with water, and 

filtered at 0 °C to afford off-white Br-DMICE. To a solution of Br-DMICE (0.48 mmol) in 

DMF (5.79 mL), NaH (23 mg, 0.58 mmol) was added in small portions. After stirring for 30 

min, benzyl bromide (104.3 mg, 0.53 mmol) was added, and the reaction was stirred for 1 h. 

The mixture was quenched with ice water, extracted with EtOAc, dried over MgSO₄, and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography (silica, 45% EtOAc/hexane) to yield BrD as a white solid (58%). 

1) NaH
2) Benzyl bromide 

DMF, r.t.

DMICE HD
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Scheme A4.2: The reaction scheme for the synthesis of BrD. 

1H NMR (500 MHz, DMSO-d6, ppm): δ =7.4-7.2(m, 4H), 6.99 (dd, J=1.8 Hz ,2H), 6.94(s, 1H) 

5.81 (s, 2H), 4.27 (q, J = 7.1 Hz, 2H), 3.84 (s, 3H), 3.81 (s, 3H), 1.26 (t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCl3, ppm): δ=161.07, 150.97, 147.02, 137.88, 133.16, 128.68, 127.28, 

123.37, 120.07, 101.17, 99.61, 92.57, 60.87, 56.22, 56.18, 48.93, 14.21. 

Melting point: 1150C. 

4.5. Additional Figures 

 

Figure A4.1: Crystalline a) HD; b) BrD upon UV irradiation. 
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Figure A4.2: 1H-NMR of HD in DMSO-d6. 

 

Figure A4.3: ESI-TOF Mass spectrum of HD. 
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Figure A4.4: 1H-NMR of BrD in DMSO-d6. 

 

Figure A4.5: ESI-TOF Mass spectrum of BrD. 
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Figure A4.6: Crystal structure obtained for a) HD; b) BrD. 

 

Figure A4.7: Optimised geometry computed at cam-b3lyp/6-311+g(d,p) level of theory for a) 

HD; b) BrD. 

 

Figure A4.8: a) Normalized absorption spectra of HD and BrD in hexane; b) Normalized 

emission spectra of HD and BrD in hexane. 
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Figure A4.9: Solvent-dependent normalized absorption spectra of a) HD; b) BrD. 

 

Figure A4.10: Solvent-dependent normalized emission spectra of BrD. 

 

Figure A4.11: Prompt fluorescence lifetime profile of BrD in HEX and ACN. 
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Figure A4.12: a) Singlet excited state of HD showing partial localized hole and electron 

densities; b) Singlet excited state of BrD showing partial localized hole and electron densities. 

 

Figure A4.13: a) Singlet excited state of HD without benzyl group showing localized hole and 

electron densities; b) Singlet excited state of BrD without benzyl group showing localized hole 

and electron densities. 



Chapter 4: Eumelanin-Inspired Photoactive Molecules for Delayed Emission 

146 
 
 

 

 

Figure A4.14: a) Normalized Kubelka-Munk transformed absorption in HD and BrD crystal; 

b) Normalized emission spectra in crystalline HD and BrD. 

 

Figure A4.15: Identified dimer obtained from the crystal assembly of a) HD; b) BrD. 

a) b)
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Figure A4.16:  Hirshfeld 2D fingerprint plots a) Total; b) H•••H; c) H•••C and d) H•••O 

interactions of crystalline HD.         

 

Figure A4.17: Hirshfeld 2D fingerprint plots a) Total, b) H•••H, c) H•••C, d) H•••O, e) H•••Br 

and f) C•••C interactions of crystalline BrD. 
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Figure A4.18: Non-covalent interactions in non-covalent dimers of a) HD; b) BrD. 

 

Figure A4.19:  Electrostatic potential surface calculations of non-covalent dimers of a) HD; b) 

BrD. 

 

Figure A4.20: a) Normalized steady-state emission spectra of HD aggregates in THF/H2O 

mixtures; b) Normalized steady-state emission spectra of BrD aggregates in THF/H2O mixtures 

(% of THF is mentioned here). 

a) b)
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Figure A4.21: Steady-state emission spectra of BrD aggregates in THF/H2O mixtures (% of 

THF is mentioned here). 

 

Figure A4.22: a) Gated emission spectra of crystalline HD at 77 K and room temperature; b) 

Normalized gated emission spectra of crystalline HD at 77 K and room temperature; c) Decay 

profile of crystalline HD at 77 K; d) Decay profile of crystalline HD at room temperature. 
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Figure A4.23: Excitation power dependent (normalized) delayed emission decay profiles of 

crystalline HD at a) 100% Power; b) 90% power; c) 80% power; d) 70% power (Excitation 

source is a 450 W pulsed Xe lamp). 

 

Figure A4.24: a) Gated emission spectra of HD in toluene at 77 K and room temperature; b) 

Normalized gated emission spectra of HD in toluene at 77 K and room temperature; c) Decay 

profile of HD in toluene at 77 K; d) Decay profile of HD in toluene at room temperature.  
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Figure A4.25: a) Gated emission spectra of BrD in toluene at 77 K and room temperature; b) 

Normalized gated emission spectra of BrD in toluene at 77 K and room temperature; c) Decay 

profile of BrD in toluene at 77 K. 

 

Figure A4.26: a) Gated emission spectra in HD aggregates in THF/H2O mixtures; b) Decay 

profile of HD aggregates in THF/H2O mixtures (% of THF is mentioned here). 

 

Figure A4.27:  Decay profile of BrD aggregates in THF/H2O mixtures. 

77 K
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Figure A4.28: a) Gated emission spectra of HD in PMMA film; b) Gated emission spectra of 

BrD in film; c) Decay profile of gated emission in HD film; d) decay profile of gated emission 

in BrD film. 

 

Figure A4.29: a) FsTA contour plot of HD in PMMA film, b) Deconvoluted EAS plot of HD 

in PMMA film, c) Deconvoluted decay time constants of the EAS for HD in PMMA film. 
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Figure A4.30: a) FsTA contour plot of BrD in PMMA film, b) Deconvoluted EAS plot of BrD 

in PMMA film, c) Deconvoluted decay time constants of the EAS for BrD in PMMA film. 

 

Figure A4.31: Experimental X-band transient EPR spectra of (a) HD and (b) BrD in the 

crystalline state, recorded at 0.6 μs and 80 K following unpolarized 355 nm photoexcitation. 

The simulation spectra are superimposed by the red lines. 
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Figure A4.32: Spin density of the T1 state for a) HD and b) BrD, computed at the cam-b3lyp/6-

311+g(d,p). 

 

Figure A4.33: Fragmentation used for computing long-range Coulombic coupling via 

electronic excitation transfer (EET) method in a) HD and b) BrD. 

a) b)
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Figure A4.34: Transition dipole moment of a) HD in S1 state; b) BrD in S1 state. 

 

Figure A4.35: Crystal packing in a) HD showing the absence of benzyl group interactions and 

b) BrD showing the presence of benzyl group interactions, facilitating further rigidification of 

the benzyl groups in crystalline BrD compared to HD. 

3.6. Additional Tables 

Table A4.1: Crystallographic data and refinement parameters for HD and BrD. 

Parameters HD BrD 

Formula C20H21NO4 C20H20BrNO4 

Formula weight 339.38 418.28 

Colour Colourless Colourless 

Crystal system Orthorhombic Monoclinic 

Space group, Z Pca2₁ P21/c 

A (Å) 17.7200(19) 10.8941(14) 

a) b)
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B (Å) 5.9980(7) 19.2850(2) 

C (Å) 33.0600(4) 9.3345(11) 

Α (deg) 90.00 90.00 

Β (deg) 90.00 106.77(4) 

Γ (deg) 90.00 90.00 

Volume, A3 3514(7) 1877.6(4) 

R-factor (%) 8.51 4.42 

Temp (K) 296 296 

Densitycalc 

(g/m3) 

1.283 1.480 

No. of 

reflections 

collected 

39620 26326 

Independent 

reflections 

6180 4676 

2θmax (deg) 49.99 56.83 

R indices, wR2 

(i>2s(i)) 

 0.0851, 0.1844 0.0442, 0.0939 

R indices, wR2 

(all data) 

0.2152, 0.2522 0.0914, 0.1090 

Goodness of fit 1.003 1.025 

CCDC number 2429518 2429519 

Table A4.2: Mean position (POS), participation ratio (PR), charge transfer character (CT), and 

exciton character of excited states in HD computed at wb97xd/def2tzvp level of theory. 

States dE (eV) f POS PR CT 

S1 4.307 0.427 1.005 1.010 0.009 

S2 4.492 0.193 1.011 1.023 0.020 

S3 5.375 0.000 1.023 1.046 0.036 

S4 5.422 0.003 1.941 1.125 0.100 

S5 5.621 0.078 1.029 1.061 0.056 

S6 5.827 0.111 1.185 1.437 0.294 

S7 5.908 0.007 1.465 1.259 0.779 

S8 5.957 0.098 1.300 1.516 0.562 

S9 6.092 0.035 1.561 1.577 0.561 

S10 6.124 0.001 1.474 1.319 0.749 
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Table A4.3: Mean position (POS), participation ratio (PR), charge transfer character (CT), and 

exciton character of excited states in BrD computed at wb97xd/def2tzvp level of theory. 

States dE (eV) f POS PR CT 

S1 4.298 0.290 1.007 1.014 0.014 

S2 4.381 0.309 1.010 1.021 0.018 

S3 5.366 0.001 1.026 1.054 0.048 

S4 5.421 0.004 1.944 1.119 0.101 

S5 5.505 0.002 1.017 1.034 0.031 

S6 5.638 0.087 1.027 1.057 0.052 

S7 5.727 0.068 1.073 1.159 0.124 

S8 5.956 0.016 1.459 1.513 0.606 

S9 5.964 0.038 1.371 1.490 0.638 

S10 6.040 0.164 1.149 1.347 0.274 

Table A4.4: Relative % intermolecular interactions obtained from Hirshfeld analyses. 

HD-crystal 

%H•••H %H•••C %H•••O %H•••Br %C•••C 

51.4 28.8 18.3 0.0 0.0 

BrD-crystal 

%H•••H % H•••C %H•••O %H•••Br %C•••C 

45.4 21.4 15.9 10.9 3.3 

Table A4.5: Interaction energies in selected dimers determined by SAPT(0)/aug-cc-pVDZ 

calculations and SAPT(0) energy components for crystalline HD and BrD. 

Dimer 

 

Electrostatic 

(kJ/mol) 

Exchange 

(kJ/mol) 

Induction 

(kJ/mol) 

Dispersion 

(kJ/mol) 

Total energy  

(kJ/mol) 

HD -3.615 14.617 -3.060 -20.285 -12.315 

BrD -38.427 66.350 -7.444 -123.764 -103.301 

Table A4.6: Computed long-range coulombic (JCoulomb) and short-range charge transfer 

coupling (JCT) for the dimers of HD and BrD using wb97xd/def2tzvp level of theory. 

Dimers JCoulombic (cm-1) JCT (cm-1) JTotal (cm-1) 

HD -142.14 -0.12 -142.26 

BrD 186.37 27.13 213.50 
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Table A4.7: Vertical excitation energies of HD computed at the cam-b3lyp/def2svp level of 

theory. 

States Energy (eV) f States TDA Energy (eV) 

S1 4.3641 0.3340 T1 3.0772 

S2 4.6099 0.2461 T2 3.4732 

S3 5.6832 0.0416 T3 4.1145 

S4 5.7152 0.0206 T4 4.3606 

S5 5.7300 0.0073 T5 4.5830 

S6 5.9045 0.1061 T6 4.8146 

S7 5.9266 0.0865 T7 4.8549 

S8 5.9953 0.0422 T8 4.9849 

S9 6.2459 0.0255 T9 5.1534 

S10 6.2886 0.0223 T10 5.2945 

Table A4.8: Vertical excitation energies of HD crystal unit cell computed at the cam 

b3lyp/def2svp level of theory. 

States Energy (eV) f States TDA Energy (eV) 

S1 4.2707 0.1533 T1 3.0074 

S2 4.2782 0.4567 T2 3.0243 

S3 4.3434 0.5646 T3 3.1718 

S4 4.3672 0.2198 T4 3.1756 

S5 4.5359 0.0381 T5 3.3377 

S6 4.5539 0.6803 T6 3.3752 

S7 4.5963 0.0075 T7 3.4038 

S8 4.6128 0.2758 T8 3.4231 

S9 4.7691 0.0023 T9 4.2295 

S10 4.8327 0.0018 T10 4.2320 

S11 5.1915 0.0045 T11 4.2406 

S12 5.1964 0.0044 T12 4.2424 

S13 5.2753 0.0003 T13 4.2738 

S14 5.2896 0.0000 T14 4.2788 

S15 5.4163 0.0000 T15 4.2877 
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Table A4.9: Vertical excitation energies of BrD computed at the cam-b3lyp/def2svp level of 

theory. 

States Energy (eV) f States TDA Energy (eV) 

S1 4.3326 0.3155 T1 3.0478 

S2 4.4702 0.3307 T2 3.4321 

S3 5.4735 0.0003 T3 4.1146 

S4 5.6913 0.0048 T4 4.2849 

S5 5.7224 0.0030 T5 4.5954 

S6 5.7587 0.0676 T6 4.8160 

S7 5.9157 0.0653 T7 4.8544 

S8 6.0585 0.0027 T8 4.9761 

S9 6.0798 0.0411 T9 5.1404 

S10 6.1139 0.0369 T10 5.1872 

Table A4.10: Vertical excitation energies of BrD crystal unit cell computed at the cam-

b3lyp/def2svp level of theory. 

States Energy (eV) f States TDA Energy (eV) 

S1 4.1956 0.0001 T1 2.9900 

S2 4.3091 0.4828 T2 2.9923 

S3 4.3373 0.0000 T3 3.0302 

S4 4.3697 0.0000 T4 3.0308 

S5 4.3752 0.3263 T5 3.3701 

S6 4.4303 0.0545 T6 3.3754 

S7 4.4604 0.0000 T7 3.4235 

S8 4.4877 1.1491 T8 3.4237 

S9 4.8244 0.0111 T9 4.6095 

S10 4.8615 0.0000 T10 4.6220 

S11 4.9101 0.0000 T11 4.6411 

S12 4.9395 0.0450 T12 4.6453 

S13 5.1756 0.0005 T13 4.6584 

S14 5.1757 0.0001 T14 4.6727 

S15 5.3588 0.0007 T15 4.6812 
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4.7. Appendix 

4.7.1. Materials and Methods 

Detailed information regarding the materials and methods used is given in section 2.7.1. 

4.7.2. X-ray Diffraction 

Single-crystal data were collected using Mo Kα radiation on a Bruker APEXII CCD 

diffractometer. Structures were solved by direct methods and refined using standard procedures. 

Hydrogen atoms were placed in idealized positions. Full experimental and refinement details 

are described in section 3.7.2. 

4.7.3. Computational Analysis  

All geometry optimisations were carried out in Gaussian 1675 employing the cam-b3lyp 

functional and 6-311G+(d,p) basis set at the DFT level of theory. The long-range Coulombic 

coupling for HD and BrD were computed using Excitation Energy Transfer (EET) method 

available in Gaussian 16. Electron and hole transfer coupling values were calculated by 

employing the CATNIP Tool version 1.9.9.76 CATNIP uses post-processed Gaussian 16 output 

files for the respective analyses. The two types of dimers from the crystal packing of HD and 

BrD are denoted as HD-dimer and BrD-dimer. Detailed information regarding TheoDORE 

analysis and excitonic coupling calculations are provided in sections 2.7.3.5 and 2.7.3.6 

respectively. 

4.7.4. Sample preparation for thin film for fsTA analysis:  

Round quartz substrates were cleaned following standard protocols. A 10 wt% PMMA solution 

in toluene was prepared and stirred at room temperature for 4–5 h to obtain a homogeneous 

solution. The compound was then added at 1 wt% relative to the PMMA weight and mixed 

thoroughly to ensure uniform dispersion. The resulting solution was drop-cast onto the quartz 

substrates, and the films were dried under vacuum and stored under nitrogen prior to 

measurements. A magic angle polarization (54.7°) between pump and probe pulses was used 

during fsTA experiments to ensure isotropic signal collection. 
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Chapter 5 

Conclusion and Outlook 

 

This thesis investigates how molecular structure, aggregation, and excitonic interactions shape 

the excited-state dynamics of eumelanin and eumelanin-inspired systems. By combining 

structural analysis with steady-state and ultrafast spectroscopy, the work establishes clear links 

between the architecture of eumelanin building blocks and the pathways by which they 

dissipate electronic energy. Structural elucidation of DHICA revealed how π–π stacking and 

hydrogen-bonded networks support charge-transfer–mediated exciton delocalization, offering 

insight into energy transport within eumelanin assemblies. Spectroscopic investigations on 

model eumelanin multimers showed that increasing molecular size and aggregation leads to 

stronger excitonic coupling, broader UV-visible absorption, and faster nonradiative decay, 

closely echoing the ultrafast relaxation that underpins natural photoprotection in natural 

eumelanin. Extending these principles to engineered charge-transfer indole-based emitters 

demonstrated that J- and H-type aggregation can be used to tune singlet–triplet energy gaps and 

modulate delayed fluorescence and phosphorescence, highlighting the broader relevance of 

eumelanin-inspired design strategies. 

These results collectively emphasize that eumelanin’s function emerges from the 

interplay of chemical heterogeneity and supramolecular arrangement, rather than from any 

single, well-defined structure. Excitonic coupling and aggregation are shown to be fundamental 

levers for controlling energy dissipation and emission in both natural and synthetic systems. 

Future progress will depend on expanding the molecular toolkit. Synthetic access to higher-

order oligomers including, both alkyl-protected and unprotected, as well as more complex 

DHI/DHICA-based substructures will allow systematic exploration of disorder and coupling 

effects. Advanced techniques such as 3D electron diffraction, solid-state NMR, 

multidimensional electronic spectroscopy, and pulsed EPR will be crucial for resolving 

structure and dynamics across multiple length scales. Together, these efforts will move the field 
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closer to a unified, molecular-to-mesoscale understanding of eumelanin, enabling the rational 

design of next-generation bio-inspired photonic materials. 
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2) Figure 1.3 
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3) Figure 1.5 
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4) Figure 1.9 
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5) Figure 1.10 
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