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RESUMO

A incorporagdo de compostos naturais em materiais esta atraindo cada vez mais interesse na
quimica devido aos seus beneficios praticos e economicos. Embora estudos anteriores tenham
destacado a estabilidade e as propriedades optoeletronicas desses materiais, ainda faltam
informagdes detalhadas sobre suas interacdes em nivel molecular e seus mecanismos
funcionais. Nesta tese, o foco foi a investigacdo de compostos bioinspirados a base de
melanina para aplicagdo em sensores quimicos e células solares fotovoltaicas, por meio de
calculos de estrutura eletronica baseados na Teoria do Funcional da Densidade (DFT). Dois
topicos principais foram explorados: (i) a viabilidade de compostos a base de vanilina para
deteccao de nitroaromaticos (NACs) e (i) a proposicao/avaliacdo de desempenho de
compostos inspirados na melanina como aceitadores/doadores em células solares orgénicas de
heterojungdo em volume. O primeiro topico aborda a intera¢do entre sistemas a base de
melanina e NACs, examinando propriedades eletronicas, Opticas, estruturais e de estabilidade.
Os resultados revelam que derivados de melanina apresentam alta sensibilidade a esses
analitos, possibilitando deteccdo quimica seletiva, reversivel, de baixo custo e ambientalmente
amigavel. Em relagdo ao segundo tdpico, foi proposta e investigada uma série de moléculas
doadoras e aceitadoras baseadas em derivados de Y6 e inspirados na eumelanina. Nossos
resultados mostram que grupos terminais baseados em melanina podem conferir propriedades
opticas e eletronicas Unicas, viabilizando materiais aceitadores de alto desempenho, enquanto
oligdbmeros semelhantes & eumelanina surgem como promissores candidatos a doadores. Esses
achados evidenciam como modificagdes quimicas bioinspiradas podem aumentar tanto a

eficiéncia quanto a sustentabilidade da proxima geracao de eletronicos organicos.

Palavras-chave: compostos baseados em melanina; detec¢do de nitroaromaticos; células

solares organicas; teoria do funcional da densidade; materiais sustentaveis.



ABSTRACT

The incorporation of natural compounds into materials is attracting increasing interest in
chemistry due to their practical and economic benefits. Although previous studies have
highlighted the stability and optoelectronic properties of these materials, detailed insights into
their molecular-level interactions and functional mechanisms are still lacking. In this thesis
our focus was the investigation of bioinspired melanin-based compounds for application in
chemical sensors and photovoltaics via density functional theory (DFT)-based electronic
structure calculations. Two main topics have been investigated: i) the feasibility of
vanillin-based  compounds  for  nitroaromatics (NACs) detection and  ii)
proposition/performance evaluation of melanin-inspired compounds as acceptors/donors in
bulk heterojunction organic solar cells. The first topic explores the interaction between
melanin-based systems and NACs by examining electronic, optical, structural, and stability
properties. The results reveal that melanin derivatives exhibit high sensitivity to these
analytes, enabling selective, reversible, cost-effective, and environmentally friendly chemical
detection. In relation to the second topic, a series of donor and acceptor molecules based on
Y6 derivatives and eumelanin-inspired motifs was proposed and investigated. Our results
show that melanin-based end groups can impart unique optical and electronic properties,
enabling high-performance acceptor materials, while eumelanin-like oligomers emerge as
promising donor candidates. These findings highlight how bio-inspired chemical
modifications can enhance both the efficiency and sustainability of next-generation organic

electronics.

Keywords: melanin-based compounds; nitroaromatic detection; organic solar cells; density

functional theory; sustainable materials.



RESUME

L’intégration de composés naturels dans les matériaux suscite un intérét grandissant en
chimie, en raison de leurs atouts tant pratiques qu’économiques. Bien que des études
antérieures aient mis en évidence la stabilité et les propriétés optoélectroniques de ces
matériaux, des informations détaillées sur leurs interactions a 1’échelle moléculaire et leurs
mécanismes fonctionnels font encore défaut. Dans cette thése, 1’objectif a ét¢ d’étudier des
composés bio-inspirés a base de mélanine pour une application dans les capteurs chimiques et
les cellules solaires organiques, a travers des calculs de structure électronique basés sur la
théorie de la fonctionnelle de la densité¢ (DFT). Deux axes principaux ont été explorés : i) la
faisabilité de composés a base de vanilline pour la détection des nitroaromatiques (NAC) et i1)
la proposition/évaluation des performances de composés inspirés de la mélanine en tant
qu’accepteurs/donneurs dans des cellules solaires organiques a hétérojonction en volume. Le
premier axe étudie I’interaction entre des systemes a base de mélanine et des NACs, en
examinant leurs propriétés électroniques, optiques, structurelles et de stabilité. Les résultats
montrent que les dérivés de la mélanine présentent une sensibilité élevée a ces analytes,
permettant une détection chimique sélective, réversible, peu coliteuse et respectueuse de
I’environnement. Concernant le second axe, une série de molécules donneuses et accepteurs
basées sur des dérivés du Y6 et des motifs inspirés de I’eumélanine a été proposée et étudiée.
Nos résultats indiquent que des groupes terminaux dérivés de la mélanine peuvent conférer
des propriétés optiques et électroniques uniques, permettant la conception de matériaux
accepteurs performants, tandis que des oligoméres de type eumélanine apparaissent comme
des donneurs prometteurs. Ces résultats soulignent comment des modifications chimiques
bio-inspirées peuvent améliorer a la fois 1’efficacité et la durabilité de la prochaine génération

d’¢électroniques organiques.

Mots-clés : composés a base de mélanine, détection de nitroaromatiques, cellules solaires

organiques, théorie de la fonctionnelle de densité, matériaux durables
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Organization of the Thesis

This thesis is structured into four main chapters, in addition to introductory and

concluding sections.

I. General Motivation

The first chapter presents a general motivation, providing a broad overview of the
rationale for exploring melanin-inspired compounds as sustainable alternatives for organic
electronics, specifically targeting applications in chemical sensors and solar cells through

computational analysis.

II. Melanin-Based Compounds as Low-Cost Sensors for Nitroaromatics: Theoretical
Insights on Molecular Interactions and Optoelectronic Responses

This study is motivated by the environmental and health hazards posed by
nitroaromatic compounds (NACs), which are prevalent in industrial pollutants and explosives.
The research aims to develop a chemical sensor based on melanin-inspired compounds that
may offer a low-cost and sensitive solution for identifying these toxic pollutants. Utilizing
density functional theory (DFT)-based calculations, the study examines the electronic and
optical properties of melanin-inspired compounds to assess their interactions with specific
NAC:s, such as trinitrotoluene (TNT) and trinitrophenol (TNP). The methodological approach
focuses on simulating and analyzing how molecular properties are modulated by the presence

of NACs, aiming to identify indicators of successful detection.

III. DFT-Guided Design of Melanin-Inspired Materials for High-Performance Organic
Solar Cells

This chapter addresses the advancement of both environmental sustainability and
efficiency in organic solar cells (OSCs), which have historically relied on fullerene-based
acceptors that are often costly and limited in performance. Drawing inspiration from the
multifunctional properties of melanin, the study investigates synthetic eumelanin-based Y6
derivatives as potential non-fullerene acceptors (NFAs), as well as melanin-inspired oligomers
(MIOs) as donor materials. Density functional theory (DFT) calculations are employed to
model these systems, with a particular focus on halogen and hydroxyl substitutions introduced

in the NFAs to assess how these groups influence their electronic, optical, and structural
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properties. The research further explores how the different melanin-based structures interact
at the molecular level with Y6 acceptors, aiming to enhance charge transfer processes and

improve stability in OSC applications.

IV. General Conclusions

This final chapter consolidates the findings, validating the potential of
melanin-inspired compounds as sustainable materials for organic electronics. The results
demonstrate their effectiveness in both environmental monitoring and renewable energy
applications. For chemical sensing, these materials exhibit strong charge-transfer
characteristics suitable for detecting toxic NACs. In solar energy, their tunable electronic
properties support their use as efficient NFAs in OSCs. Altogether, the study provides a
computational foundation for the development of bio-inspired materials aligned with the

principles of green chemistry and technological sustainability.
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CHAPTER I — General Motivation

1.1 Introduction

The development of new materials for organic electronics has gained considerable
attention in recent years, especially for applications that require materials with specific
optoelectronic properties, environmental compatibility, and ease of synthesis 2. In this
context, compounds of natural origin, particularly those inspired by melanin, offer promising
alternatives to traditional organic semiconductors °.

Melanin and its synthetic analogs are widely studied due to their robust chemical
structure, chemical stability, and unique ability to facilitate ionic and electronic transport.
Such properties establish melanin-based compounds as potential candidates for eco-friendly
applications in chemical sensors and organic photovoltaic cells *. Such applications are
specifically explored in this thesis via electronic structure calculations. Specifically two main
topics were addressed: 1) the feasibility of melanin inspired systems for nitroaromatic (NAC)
detection, and ii) design and evaluation of melanin-inspired acceptors and donors in bulk
heterojunction organic solar cells.

Melanins exhibit a remarkable potential for sensor applications **¢ owing to their
adsorption centers, intrinsic charge-transport properties, and high sensitivity to variations in
the chemical environment. Despite these features, the use of melanin derivatives in chemical
sensing remains limited, largely due to the intrinsic structural complexity of natural
compounds, which hinders experimental reproducibility. These challenges, however, have
also stimulated the development of diverse synthetic melanin-like compounds tailored for a
wide range of applications, leading to new compounds with varied properties.

In this context, in 2015 Selvaraju and collaborators have proposed a set of synthetic
eumelanin-inspired oligomers for optoelectronic applications 7. These molecules, derived
from renewable vanillin through efficient synthetic routes, combine structural features that are
highly advantageous for organic electronic applications. It includes n-conjugated alkynyl units
that promote planarity, enhance charge-carrier mobility, and facilitate frontier orbital
delocalization. The presence of electron-donating methoxy groups further tunes their
optoelectronic response by increasing electron density and preserving molecular geometry.
Such a combination of attributes not only supports efficient charge separation and transport

but also suggests a strong potential for interaction with analytes in sensing applications.


https://www.zotero.org/google-docs/?vBQEPy
https://www.zotero.org/google-docs/?DxbBsE
https://www.zotero.org/google-docs/?cscTDo
https://www.zotero.org/google-docs/?1y80qB
https://www.zotero.org/google-docs/?IaxMNz
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Nevertheless, despite these favorable characteristics, the exploration of such materials as
chemical sensors remains virtually absent from the literature, representing a significant and
promising avenue for investigation.

Within this framework, here we propose and assess the potential of melanin-based
structures for nitroaromatics detection. Nitroaromatic compounds (NACs) are commonly
employed in industrial processes but present environmental and health risks due to their
persistence and toxicity 3'°. Existing NAC sensors are effective but often costly and complex
to produce, evidencing the need for the development and search for new simpler and
sustainable devices, which motivated the present theoretical study. The obtained results show
that melanin-inspired compounds can act as NAC detectors with good sensitivity and stability,
opening avenues for using sustainable and bio-inspired materials in organic electronics.

Regarding the second topic, this thesis focuses on the design and performance
evaluation of chemically modified non-fullerene acceptors (NFAs) for OSC applications.
Historically, the spherical geometry of fullerenes limited donor/acceptor interfacial contact,
constraining charge transfer efficiency. In contrast, non-fullerene acceptors such as Y6 exhibit
more planarized structures, improving interfacial area and optical absorption. While NFAs
have significantly enhanced power conversion efficiency, they remain limited by restricted
light absorption and incomplete exciton dissociation ''2,

Previous studies conducted in our group have shown that the electron-transfer
properties of Y6 are strongly influenced by its end groups (EGs) . In particular, chemical
modifications involving the substitution of fluorine atoms in conventional EGs with other
halogens have been explored as strategies to optimize Y6 performance '*. Beyond their
bio-friendly appeal, melanin-inspired motifs offer additional advantages, including ionic
transport capabilities and the presence of anchoring sites, while their structural similarity to
Y6 EGs suggests a natural chemical compatibility. In this work, we therefore propose and
evaluate new Y6 derivatives incorporating melanin-based end groups (EG,.). These
melanin-inspired NFAs demonstrate promising structural and electronic properties for OSC
applications, although further research remains necessary to fully maximize their
performance. Beyond their specific applicability, the exploration of such bio-inspired systems
also reflects a broader trend in materials science: the pursuit of organic semiconductors that
combine efficiency with environmental sustainability. The growing demand for
environmentally sustainable materials has driven much of the recent research on organic
systems for technological applications '>'°. Within this context, the search for compounds that

combine favorable optoelectronic properties, chemical stability, biocompatibility, and a
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reduced environmental footprint has emerged as a key priority. Many of these attributes are
naturally found in bio-derived or bio-inspired compounds "’.

In this scenario, theoretical approaches can play a decisive role, providing predictive
insights that help identify promising structures prior to experimental validation. By
describing, rationalizing, and even forecasting the optoelectronic behavior of candidate
materials, computational studies offer guidance for experimental efforts and facilitate the
interpretation of empirical results. In this sense, the present thesis not only addresses
fundamental questions regarding the interaction of melanin-inspired systems with hazardous
analytes and their potential in energy conversion, but also contributes to the broader pursuit of

sustainable materials for next-generation organic electronics.
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CHAPTER II - Melanin-Based Compounds as Low-Cost Sensors for
Nitroaromatics: Theoretical Insights on Molecular Interactions and

Opto-Electronic Responses'

2.1 Abstract

Nitroaromatic compounds (NACs) are used in various industrial applications, including dyes,
inks, herbicides, pharmaceuticals, and explosives. Due to their toxicity and environmental
persistence, reliable detection and monitoring methods are required. Hybrid organic—inorganic
structures have shown potential for NAC sensing; however, their complex synthesis, high
processing costs, and limited reproducibility hinder practical implementation, highlighting the
need for simpler and more accessible materials. In this study, we employed density functional
theory (DFT)-based calculations to evaluate the electronic, optical, and reactive properties of
two melanin-based polymeric systems aiming to assess their potential use as NAC detectors.
Our results indicate the potential of these materials to detect a series of nitroaromatic
compounds such as 2,4-DNP, 2,4-DNT, 2,6-DNT, TNP and TNT by electrical and infrared
optical measurements. Born-Oppenheimer molecular dynamics (BOMD) simulations reveal
the thermal stability of the adsorption process, confirming the effective substrate/analyte
interaction under different temperature conditions. To the best of our knowledge, this
compound has not been proposed for sensing applications. Its low cost and facile synthesis

make it a promising candidate for developing environmentally friendly organic NAC sensors.

Keywords: Nitroaromatic sensor, melanin-based compound, density functional theory.

! Note: Parts of this chapter were previously published as:

Cachaneski-Lopes, J. P.; Hawthorne, F.; Woellner, C. F.; Nelson, T. L.; Hiorns, R. C.; Graeff, C. F. O.; Bégué, D.;
Batagin-Neto, A. Melanin-based compound as low-cost sensors for nitroaromatics: Theoretical insights on
molecular interactions and optoelectronic responses. ACS Omega, Special Issue “Chemistry in Brazil:
Advancing through Open Science”, 10, 31908-31920 (2025).

The text has been reorganized and adapted to meet the formatting requirements of this thesis.



21

2.2 Introduction

Nitroaromatic compounds (NACs) are aromatic structures with one or more nitro
groups (-NO,). The presence of the -NO, group make NACs useful as raw materials in the
chemical syntheses of a variety of compounds such as corrosion inhibitors, antioxidants,
preservatives, fuel additives, dyes, paints, cosmetics, fungicides, herbicides, pesticides, drugs
and other industrial chemicals **'®. NACs are of primary concern as they are mutagenic and
carcinogenic '°, as well as toxic to living organisms *°. Nitro groups make NACs recalcitrant,
therefore their degradation is not sustainable and effective, leading to their accumulation in
the environment and making NACs a serious threat to the ecological environment and human
health °.

NAC:s, such as nitrobenzenes (NB) can cause diseases such as anemia, skin irritation

and cancer "

. NB poisoning in humans causes methemoglobin formation, cyanosis,
neurotoxic effects, unconsciousness, gastric irritation, nausea, vomiting, drowsiness,
convulsions, coma, respiratory failure and may result in death ***% In addition, NB can be
metabolized to p-aminophenol and p-nitrophenol, being very slowly eliminated by the
organism *.

The development of materials and devices for detecting NAC is therefore essential. It
has seen a resurgence since the 2000s in particular because NACs were used as explosives in

2425 giving rise to several detectors 2%, In particular pyridine, diazine

some terrorist attacks
and triazine have been studied in detail due to their properties and their use as chemical
sensors for chemical analyses >*°°. In recent years other types of sensors have been proposed
such as the Mach-Zehnder interferometer waveguide sensor using porous polycarbonate, with
fast responses and high sensitivity. Optical sensors have also been proposed via Forster
resonance energy transfer (FRET) mechanism *!, PbS quantum dots **7* and hybrid

3

perovskites *°. Metal-organic complexes, such as MOFs (metal-organic frameworks) and

rare-earth metal-based luminescent coordination polymers (LCPs), have also been considered
for NACs detection, mainly due to their tunable porosity, optical properties, and analyte

29,36-38

affinity . Although these compounds show promising sensing performance, their
practical application is hindered by synthetic complexity and processing challenges. In
particular, complex crystal engineering, multistep routes, and occasional reliance on
unexpected transformations have been reported for Basudeb et al '®. While some energetic

4

MOFs require costly components *°, presenting low hydrothermal and chemical stabilities.

Difficulties in relation to regeneration and recycling have also been reported, which further
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complicates their practical use **' Although some specific MOFs present scalable and
low-cost production, their crystals are inherently brittle in nature and arduous to process for
practical applications *°

Some of the disadvantages identified above could potentially be mitigated by using
organic-based materials as sensors. Specifically, melanins have shown promise in various

applications, including pH sensors >*, relative humidity sensors °® solar cells **

and organic
light-emitting diodes (OLEDs) . However, the use of such materials for NACs detection
remains largely unexplored. The difficulties associated with the structural characteristics of
natural melanins and the resulting lack of reproducibility of the experiments have led to the
use of synthetic melanin derivatives for the active layer of these devices. Understanding the
complex physical and chemical properties of such melanin-based materials has broadened the

prospect of their application in devices 4

, prompting us to investigate the possibility of their
use in sensors.

In particular, Selvaraju et al have proposed a series of molecules with
melanin-inspired cores for optoelectronic applications "*¥. These compounds are synthetically
accessible in good yields from renewable precursors (e.g., vanillin), and they exhibit
compatibility with standard cross-coupling methodologies. They exhibit high solubility and
display photophysical and electrochemical properties suitable for stable integration into

optoelectronic devices *

. In addition to melanin-based core, these derivatives possess
electron-rich C=C bonds that facilitate conjugation and delocalization, while reinforcing
molecular rigidity and planarity, that are essential for efficient charge transport in organic

49-51

materials , as well as charge transfer and molecular recognition in sensing platforms *.

Moreover, these structures are functionalized with electron-donating methoxy (-OCHj;)

groups, which acts as a strong electron donor **

, increasing the electron density of the
aromatic ring and favoring interactions with electron-deficient analytes (such as NACs:).
Compared to other electron-donating groups (e.g., -OC,Hs), methoxy offers a favorable
combination of electronic enhancement and low steric hindrance, helping preserve the
planarity and m-conjugation of the backbone, relevant for charge transfer and sensitivity >.
Previous studies have shown that methoxy substitution can modulate electronic properties
(reducing the HOMO-LUMO gap), and enhance optoelectronic performance of conjugated
systems >*, supporting its role in the design of functional sensing materials.

These insights motivate the use of computational modeling to further investigate the

sensing potential of such melanin derivatives to guide future experimental efforts toward the

development of new compounds with improved performance. Given the limitations of many
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experimental approaches in resolving molecular-level interactions, computational modeling
has become a powerful and cost-effective strategy for predicting sensor performance,
estimating binding affinities **, and guiding the rational design of sensing materials *. In this
context, theoretical investigations were employed to evaluate the potential of melanin-inspired
compounds 9a and 9b, reported by Selvaraju et al. ’, as NAC detectors. Electronic structure
calculations and molecular dynamics were performed for such monomeric structures, and the
effects of a variety of nitroaromatics were evaluated using density functional theory
(DFT)-based calculations. The results indicate that melanin-inspired compounds 9a and 9b
exhibit strong and thermally stable interactions with nitroaromatics (notably TNT and TNP),
inducing measurable electronic and vibrational shifts. These findings position

melanin-inspired compounds as promising low-cost materials for NACs sensing.
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2.3 Material and methods

2.3.1 Materials

Figure 2.1 shows the structures that were considered in this study. For simplicity the
compound denomination used in ref ” was kept (9a and 9b, see Figure 2.1a and b). Figure 2.1¢
shows the NACs that were considered as analytes: nitrobenzene (NB), o-nitrophenol (o-NP),
m-nitrophenol (m-NP), p-nitrophenol (p-NP), o-nitrotoluene (o-NT), m-nitrotoluene (m-NT),
p-nitrotoluene  (p-NT), 1,3-dinitrobenzene (1,3-DNB), 2.,4-dinitrophenol (2,4-DNP),
2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), trinitrophenol (TNP), and

trinitrotoluene (TNT).

Figure 2.1 - Chemical structures of melanin-inspired compounds 9a (a) and 9b (b)
(substrates). Chemical structures of NACs (¢) (analytes).
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2.3.2 Methodology

The structures were designed with the aid of the Gaussview computational package °.
Conformational searches were conducted via molecular dynamics (MD) simulations at high
temperatures (Amber Potential at 1000 K of temperature with the aid of Gabedit software >")
the lowest energy conformer (coming from MD) was fully optimized in the framework of the
density functional theory (DFT) using B3LYP ***° exchange-correlation (XC) functional and
6-311G(d,p) basis set on all the atoms.

The local reactivities were evaluated via the condensed-to-atoms Fukui indexes
(CAFIs) ¢! molecular electrostatic potentials (MEPs) ®* and the spatial distribution of the
frontier molecular orbitals (FMOs, i.e. the highest occupied and the lowest unoccupied
molecular orbitals, HOMO and LUMO, respectively).

The relative alignments between the FMOs energy of the melanin-based oligomers
and the NACs were evaluated to assess the applicability of these systems as chemical sensors,
taking into account the possible effects of the analytes on the substrate. Figure 2.2 illustrates
some possible effects of analytes (A) on the sensor (S) electrical response expected for
distinct FMOs relative alignments. Red and black lines represent the FMOs of the sensor, and
gray ones are those of the analyte (S and A subtitles are used for simplicity, respectively). The
diagram shows the possible effects according to HOMO, and LUMO, relative positions: (i)
material degradation due to charge transfer processes for HOMO, > LUMOg and LUMO, <
HOMOyg (analyte and sensor degradation, respectively); (i1) Non-appreciable electric
responses are expected for the configurations where LUMO, > LUMOg and HOMO, <
HOMOjq, once occupied and unoccupied levels of the A are inserted, respectively, in the
valence and conduction bands of S; (iii) electrochemical doping and charge trapping are
expected when the FMOs of A are inserted into the band gap of S, depending on their relative
positions in relation to the Fermi level of S (FLg), e.g., n-doping is expected when FL <
HOMO, < LUMOg while hole trapping (Ay.pin,) effects are expected when HOMOg <
HOMO, < FLg; similarly, we have p-doping for HOMOg < LUMO, < FLg and electron
trapping (€apping) for FLg < LUMO, < LUMOs *>®.
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Figure 2.2 - Relative alignments between the FMO energies of the sensor active layer (S) and

the analytes (A) and possible electrical effects.
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Source: Author.

The HOMO and LUMO energies (Ejomo and E; yyo) of all systems were estimated via
Kohn-Sham eigenvalues (KS) and compared with those reported elsewhere . The
electronic gaps were estimated by E,,, = E;ymo - Enomo- The optical properties of 9a and 9b (in
particular the optical gap, E,,) were estimated via time-dependent (TD) DFT calculations, by
using the same functional and basis set (i.e. TD-DFT/B3LYP/6-311G(d,p) approach).

The donation and acceptance indexes (Rp/R,) were estimated from the analysis of the

relative electron accepting (o) and electron donating () powers of the compounds,

estimated by *7%:
- IP+EA)
~ 16(IP—EA) 2.1)
+ _ (IP+3EA)’
W = 16(IP—EA) (2.2)

where IP = E(N - 1) - E(N) and EA = E(N) - E(N + 1) represent, respectively, the ionization
potential and electron affinity of the molecules. The R, and R, indexes are obtained by

comparing ®" and ®  powers with those of sodium (w, = 3.46) and fluorine (0'; = 3.40),

respectively ¢7%;
R = 23
T, )
R, = o 24)

which are associated with charge transfer capacity of the compounds. All the calculations

were conducted with the aid of Gaussian 16 computational package .
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The analytes that exhibited greater potential for detection by melanin-based
compounds were considered in the adsorption studies. For this purpose, two distinct
procedures were considered to generate substrate+analyte clusters:

1. Adsorption guided by CAFlIs: the analytes were manually placed over the substrate
structures considering the alignment of high CAFI values (e.g. the analytes were positioned
so that their most reactive sites were close to the triple bonds of the melanin compound
with a distance of 1.5 A) and subjected to geometry optimization in a
DFT/B3LYP/6-311G(d,p)/GD3 approach;

ii. Adsorption via docking submodule by automated interaction site screening (alSS) "°: done
via alSS package and subjected to a tight binding geometry optimization (GFN2-xTB) to
select ~more  stable structures which were further optimized in a
DFT/B3LYP/6-311G(d,p)/GD3 approach.

These systems were subjected to full geometry optimization and interaction
calculations. All the calculations for the adsorbed systems were conducted considering the D3
version of Grimme’s dispersion correction (GD3) 7'. The complexation energies were

estimated using the counterpoise method, to correct the basis set superposition error (BSSE)

72,73 74,75

. The evaluation of partial density of states (PDOS) and weak interactions were
conducted with the aid of the MultiWFN computational package °.

Adsorbed structures stabilities were evaluated via NVT Born-Oppenheimer molecular
dynamics (BOMD) simulations for selected systems (isolated compounds and those adsorbed
with TNT and TNP) with the aid of DFTB+ software within the DFTB3 formalism "%
Distinct temperatures were considered in the simulations (300, 400, 500 and 650 K), using a
Nosé-Hoover thermostat. The Slater-Koster parameters were selected from the “3ob-1-1" set
due to their excellent agreement with simulations conducted using the B3LYP functional 7,
ensuring consistency with the DFT approach methodology. DFT-D3 dispersion corrections
were also incorporated *°. A self-consistent charge (SCC) tolerance of 10 over a total
simulation time of 100 ps was considered with timestep of 0.97 fs (~10 times the period
associated with the highest vibrational frequency of each configuration).

The stability of each adsorbed system was evaluated from the time-averaged density

distribution, p(r,) of the distance between the centers of mass of the analyte and the substrate,

r,, as illustrated in Figure 2.3.
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Figure 2.3 - Illustration of r,, the distance between the centers of mass (depicted as black
dots), for the 9a compound with the TNT analyte. This distance is tracked throughout each
BOMD trajectory to obtain p(r,).

Source: Author.

Furthermore, to gain insight into the vibrational analysis, the autocorrelation approach

for atomic velocities %3

and dipole moments was employed ***. Given an intensive property,
such as an atom's velocity, vi(t), or the system's dipole moment, p(t), the normalized

autocorrelation function can be computed, as expressed in Equation 2.5.
C(O) = (v(0) v () 2.5)

where vi(t) and p(t) represents the intensive property of interest at time ¢. These trajectories

were sampled within 1 ps windows and averaged over the total trajectory time of 100 ps. As
established in the literature, the Fourier transform of velocity and dipole moment
autocorrelations provides insight into the Vibrational Density of States (VDOS) and Infrared
(IR) spectra *¢. The peaks obtained can reveal infrared absorptions properties, displaying
vibrational signatures typically usually observed in First-order Raman and IR experimental

spectra.

2.4 Results and discussion

2.4.1 Isolated structures

Table 2.1 summarizes opto-electronic properties of compounds 9a and 9b, as well as
experimental values reported in ref. 7, estimated from the onset of the first oxidation and

reduction potentials (in parentheses). As can be seen the theoretical results present a
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reasonable agreement with the experimental values, mainly regarding the optical band-gaps.
The theoretical evaluation of the oligomers’ optical properties makes a correlatable,
self-consistent estimation of the optical behavior of the 9a and 9b systems. Table 2.2
summarizes the electronic properties of NACs, which are in agreement with the values
reported in the literature, measured by cyclic voltammetry, XPS and estimated by density

functional theory !¢+,

Table 2.1 - Summary of opto-electronic properties of 9a and 9b eumelanin-based compounds.

Compound Method Eyomo (V) E; vmo (eV) E,, (eV) E,, (eV)
9a Theory (Exp.) -5.36 (-5.55) -2.16 (-2.70) 3.19 (2.85) 2.94 (2.94)
9b Theory (Exp.) -5.08 (-5.45)  -1.92(-2.65) 3.17 (2.80) 2.90 (2.87)

Source: Author.
Table 2.2 - Summary of theoretical electronic properties of the NACs.
Compound Abbreviation this sill{((i);\/4 (()l:e\r]e)lture) this sf‘uLcliJ;4 (()l(if;;a)lture)
nitrobenzene NB -7.82 (-7.59) -2.63 (-2.43)
1,3-dinitrobenzene 1,3-DNB -8.62 (-8.41) -3.32 (-3.14)
ortho-nitrophenol o-NP -7.04 (-7.21) -2.32 (-2.23)
meta-nitrophenol m-NP -7.01 (-7.18) -2.59 (-2.88)
para-nitrophenol p-NP -7.14 (-7.35) -2.42 (-2.98)
2,4-dinitrophenol 2,4-DNP -7.88 (-7.63) -3.01 (-3.32)
trinitrophenol TNP -8.41 (-8.24) -4.05 (-3.90)
ortho-nitrotoluene o-NT -7.50 (-7.28) -2.53 (-2.31)
meta-nitrotoluene m-NT -7.48 (-7.27) -2.56 (-2.36)
para-nitrotoluene p-NT -7.57 (-7.57) -2.51 (-2.50)
2,4-dinitrotoluene 2,4-DNT -8.31 (-8.11) -3.16 (-2.98)
2,6-dinitrotoluene 2,6-DNT -8.10 (-7.27) -3.03 (-2.36)
trinitrotoluene TNT -8.65 (-8.46) -3.65 (-3.50)

Source: Author.
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To first estimate the applicability of melanin-inspired 9a and 9b compounds as NAC
sensors, comparative analyses of the relative alignments between their FMOs and the distinct
analytes were conducted (Figure 2.4). The dashed lines in Figure 2.4 indicate the position of

the FMOs and the dotted line Fermi Level of the non-doped systems (Ez= E,,/2).

gap

Figure 2.4 - Comparative analyses of the FMOs relative alignments of melanin-inspired
compounds in relation to nitro-aromatics.
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As a matter of fact, several factors can influence the efficiency of organic sensor
devices. An important aspect is the relative position of the FMOs of the analytes in relation to
the electronic gap of the active compounds . From Figure 2.4 it is noticed that 9a and 9b
monomers appear to be promising structures for NAC detections, mainly in relation to di- and
tri-nitro aromatics. Note that, TNT can act as a p-type dopant for compound 9b, while TNP
can act as a p-type dopant for both structures 9a and 9b. In general, the relative position of the
FMOs allow us to suppose that NACs should act as electron traps in 9a or 9b, and then
influence the optoelectronic properties of these materials.

In particular, the results presented in Figure 2.4 suggest that the presence of NACs can
induce significant changes in electron transport mechanisms (and also in charge
recombination) that could be monitored in electron-only devices (or ambipolar devices) via
electrical (or optical) characterization (e.g. example, changes in current densities, electrical
impedance, absorbance, etc).

To better interpret possible charge transfer effects between the structures, the
donor-acceptor electron map (DAM) is presented in Figure 2.5. This map allows us to classify

the systems as electron-donating (Rp) and electron-accepting (R,) compounds. In general, low
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Ry, values indicate a good donor, while high R, defines good acceptors (as indicated by the

red arrows).

Figure 2.5 - Comparative analyses of the electron donation/acceptance indexes of
melanin-inspired polymers and NACs.
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It can be seen that 9a and 9b monomeric structures are better donors than NACs
(differences between 9a and 9b are due to terminal methoxy groups). Tri-nitroaromatics in
particular are good electron acceptors and poor donors, followed by di- and
mono-nitroaromatics. In particular, the higher electron affinity of TNT and TNP indicates an
effective interaction of these analytes with the monomers 9a and 9b.

From Figures 2.4, 2.5 and A1, a stronger interaction of the monomers with the NACs
1,3-DNB, 2,4-DNP, 2,4-DNT, 2,6-DNT, TNP and TNT can be deduced, considering their
ability to insert unoccupied states into the 9a and 9b band gaps and their corresponding
electron acceptor/donation indices. For this reason, only these analytes were selected for the
adsorption studies.

To interpret the interaction between compound 9 and NAC:s, the local reactivity of the
compounds was investigated. Figures 2.6 and 2.7 summarize the CAFIs and MEPs of NACs
and the structures of the compounds. Red and blue sites presented in CAFI (MEP) maps
represent, respectively, reactive (negatively charged) and non-reactive (positively charged)
sites. In general, sites with higher values of f*, /™ and f° (red sites) represent regions that are
prone to interact with nucleophiles (being prone to receive electrons), electrophiles (losing

electrons) and free radicals (with no changes in the total number of electrons), respectively.
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Figure 2.7 - CAFIs and MEPs of monomeric structures of melanin-inspired polymers.
Compound structure fr I 10 MEP

E.
&
B

o ,o—ﬁ—m fsééé%ﬁf *ﬁ"%% *‘\Q‘%"ﬁ” =

B o
Low reactivity CAFI High reactivity
0.035 Potential -0.035

Source: Author.

Note that electron acceptance of nitro-aromatic compounds is concentrated on the
nitro groups (i.e., high /" values), while electron donation is centered on the ring atoms for
compounds with one nitro group and on -NO, for compounds with two or three nitro groups
(i.e., high /- values). Hydroxyl groups also play an important role in relation to f~. The most
reactive regions of compounds 9a and 9b are centered on the C=C groups in both structures,

suggesting that these regions are the most important sites for charge transfer processes.

2.4.2 Adsorbed structures

All the adsorbed structures obtained by the docking submodule (aSSI) exhibited
higher energy values compared to the structures from CAFI's guided adsorption method after
the geometry optimization, even those structures that showed hydrogen bonds are less
energetic (see Figure A2). Such result evidences the relevance of considering CAFIs as
effective adsorption center predictors, as already proposed elsewhere *****_ In this sense, for
simplicity, only the results coming from CAFI-based methods are presented (results coming
from aSSI are shown in the Appendix A).

Figure 2.8 shows the spatial and energy distribution and Kohn-Sham frontier

molecular orbitals of the adsorbed systems.
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Figure 2.8 - Spatial distribution and energy levels of the FMOs over the monomer and

analytes: (a) Compound 9a and (b) Compound 9b.
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Note that, in both cases, the HOMO is localized on the melanin-based compound,
while the LUMO is mainly located on the analytes. As preliminarily predicted in Figure 2.5
and confirmed by CAFI (Figures A3 and A4 in the Appendix A), the LUMO energy level of
the adsorbed structure is primarily influenced by the analytes, resulting in a smaller band gap
compared to the isolated compound.

Figures 2.9 and 2.10 illustrate the partial and total density of states (PDOS and DOS)
representation of the adsorbed structures that evidence the dominance of the melanin-based
substrates and analytes on the HOMO and LUMO, respectively. Red, blue and green curves
define the PDOS of compound 9a, compound 9b, and the analytes, respectively. The position
of HOMO is indicated by the vertical dashed line.
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Figure 2.9 - DOS and PDOS of melanin-inspired compounds 9a (left) and 9b (right) with: (a -
b) 1,3-DNB, (¢ - d) 2,4-DNP and (e - f) 2,4-DNT.
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Figure 2.10 - DOS and PDOS of melanin-inspired compounds 9a (left) and 9b (right) with: (a
-b) 2,6-DNT, (c - d) TNP and (e - f) TNT.
70

50

(a): — DOS (b): — DOS
. | e HOMO 60 [ HOMO
40 —— PDOS % —— PDOS %
Y PDOS 2,6-DNT PDOS 2,6-DNT
2307
s ]
I
» 207
(@) _
[= I
104
0__""| I""’;""I""I""I"" 0+ T T Trrrr[rrrr oo
-05 -04 -03 -02 -0.1 0 0.1 02 -05 -04 -03 -02 -0.1 0 0.1 0.2
Energy (a.u) Energy (a.u.)
507 | — Dos 80 d)} — pos
] (c)u ------ HOMO 703 ( )u ------ HOMO
—— PDOS 9a 3 \ —— PDOS %
. PDOS TNP ~ 601 ! PDOS TNP
5 ]
el 1
g !
N i
I :
\/\\ i M}
VIS
L L L A R N

-05 -04 -03 -02 -0.1 0 0.1 02 -05 -04 -03 -02 -0.1 0 0.1 0.2

Energy (a.u) Energy (a.u.)
507 I — pos 80 | —— DOS
] (e): ------ HOMO 70 (f)u ------ HOMO
401 —— PDOS 9a | —— PDOS %
Y PDOS TNT : PDOS TNT
30 '
el B 1
. :
% 20 |
o 1 i
e} ] i
10 i
0:""|‘Hw""'w"'|"'w""|"" 0+ P e e
-05 -04 -03 -02 —0.1 0 0.1 02 -05 -04 -03 —-02 -0.1 0 0.1 0.2

Energy (a.u) Energy (a.u.)
Source: Author.

Similarly to Figure 2.8, all the HOMOs (dashed lines) are dominated by the
melanin-based compound, while the LUMO is predominantly associated with the analytes
(similar results are shown in Figures A8 and A9). Note that FMO alignments evidence an
effective electron trapping behavior of the analytes, with potential implications in
photoluminescence and exciton dynamics, by photoinduced electron transfer. Indeed, a
number of studies have reported the effective fluorescence quenching induced by
nitroaromatics (specially TNT) **¥ A similar effect should take place for 9a and 9b, once
they present high photoluminescence quantum yields 7. In particular, higher spatial overlap

matrix elements {|Pyomoll| @Lumol) (Which play a key role in fluorescence quenching) are
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observed for 1,3-DNB, TNP, and TNT, suggesting enhanced sensitivity to these compounds
(see Appendix A).

To better evaluate the compound+analyte interaction, the complexation energies
(Figure 2.11) and weak interaction areas (Figure 2.12) were investigated. Complexation
energies are widely used as essential descriptors of sensor performance. In general, absolute
values lower than 0.5 eV indicate weak physisorption, while those in the range of 0.6 to
1.2 eV are considered optimal, offering a balance between binding strength and desorption
efficiency. Absolute values exceeding 1.2 eV typically reflect strong chemisorption, which

may hinder analyte desorption and sensor reusability ¥,

Figure 2.11 - Complexation Energy of analytes on melanin-inspired compounds.
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Figure 2.12 - Analyte-melanin-based compound interactions: strength and interaction areas.
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Figure 2.11 reveals lower complexation energy in both systems (9a and 9b) when
interacting with 2,4-DNP and 2,6-DNT, which is consistent with the smaller interaction area
presented in Figure 2.12. On the other hand, higher complexation energies and interaction
areas are observed with TNP and TNT. Note that absolute values around 0.6-1.0 eV are
obtained for all the systems, combining adequate binding with reversible analyte release. In
particular, our melanin-inspired systems exhibit interaction strengths comparable to those of
established materials, including CsN, (-1.37 to -1.49 eV for TNT and PA) ** and Pd-decorated
MoSi,N, (-1.21 eV for nitrobenzene) .

It is worth noting that most systems exhibit significant van der Waals (vdW)
interactions (highlighted in green and yellow), with only the 2,4-DNP complex displaying a
hydrogen bond. This specific interaction arises from the particular geometry adopted during

optimization and influences the nature of the electronic transitions: in the 9a+2,4-DNP
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complex, both the HOMO and LUMO are localized on the substrate (compound 9a), whereas
in the 9b+2,4-DNP complex, the HOMO is localized on the substrate and the LUMO on the
analyte (see Figure 2.8 and 2.9). Interestingly, systems obtained via the automated docking
method (aISS) adopted similar configurations to those guided by CAFI (see Figure Al0,
Appendix A), displaying dominant n—n stacking interactions. These structures consistently
showed HOMO localization on the substrate and LUMO on the analyte, along with higher
complexation energies, highlighting a preferred orientation for charge transfer processes.

Regardless of the adsorption method employed, both approaches indicated strong and
favorable interactions between the melanin-based compounds and analytes such as TNT and
TNP, reinforcing the robustness of the interaction pattern across computational protocols.

To investigate the selectivity of the compounds, additional adsorption studies were
carried out with common atmospheric compounds, N, and O, (at triplet state) using the same
theoretical approach used for the NACs. Both analytes exhibited low adsorption: the
interaction energies for N, (O,) was around 8x (10x) lower than those calculated for TNP and
TNT. These results suggest non-effective interactions, evidencing the selectivity of our
systems towards NACs. All corresponding energy values are detailed in Table A3 of the
Appendix A.

Additional information regarding 9a/b+NACs system stability was assessed by
recovery time (t) estimation (time required to analyte desorption from the substrate *°), which
shows 1 ranging from few hours for T = 300 K up to microseconds for T = 650 K under
visible light irradiation (see Table A2 in Appendix A).

To estimate the possible optical response of such melanin-based substrate to the
analytes, additional calculations were conducted for the absorbed systems in the framework of
the TD-DFT/B3LYP/6-311G(d,p). Figure 2.13a and b depicts the absorption spectra of
compounds 9a and 9b isolated and adsorbed with distinct NACs, as well as the main peak
shift noticed for each substrate/analyte system, Figure 2.13c presents the numerical shift
observed in Figure 2.13a and b. Figure 2.13d shows the negative variation of the excited state

energy for the most representative transition in the vertical transition.


https://www.zotero.org/google-docs/?cP2GBv
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Figure 2.13 - Theoretical optical absorption spectra of (a) compounds 9a and (b) 9b: isolated
and adsorbed with NACs (gaussian curves with half width of 5 nm). The variations in (c)
wavelength absorption and (d) excited state energy of the cluster compared to the isolated

structure.
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Note that, in general, the NACs adsorption leads to significant changes on the main
peak optical absorption of the substrates, which depends on the compound 9a or 9b. Some
interesting trends can be observed, dividing the compounds in hypsochromic (blue shifted:
1,3-DNB; and TNP), bathochromic (red shifted: 2,4-DNP; 2,4-DNT; and 2,6-DNT) and
anomalous (with no pattern: TNT) analytes.

Significant deviations are noticed for 1,3-DNB (AA = —20.4 nm), 2,4-DNP (AA =
+18.1 nm) and TNP (AA =—-21.9 nm) in relation to compound 9a, with very small changes for
the others (i.e. AL < 5nm). For compound 9b the most relevant optical responses were
observed for 2,4-DNP (AA = 33.0 nm) and TNT (AL = —20.2 nm); with intermediate responses
for the other analytes: 1,3-DNB (AL = —6.6 nm); 2,4-DNT (AA = 8.9 nm); 2,6-DNT (AL = 7.6
nm); and TNP (AL =—10.2 nm).

These changes can be rationalized in terms of inductive effects and/or the introduction
of new electronic states within the substrate band gaps *’. In fact, the insertion of empty levels
(analytes’ LUMOs) inside the 9a and 9b gaps should lead to systems with reduced band gaps,

as indeed observed in Figure 2.8, 2.9 and 2.10. Such changes were supposed to result in
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bathochromic optical effects for all the systems with a relative amplitude of 96 + 49 nm (for
9a) and 135 £ 57 nm (for 9b) (compatible with AE,, —0.6 £ 0.2 and —0.8 + 0.2 €V,
respectively), which is indeed observed with very small amplitude (< 1.4X107?) for systems
9a+1,3-DNB and 9b+1,3-DNB respectively.

The distinct dominant optical responses obtained for the systems are associated with
the low superposition of the resulting FMOs, as evidenced in Figure 2.8, indicating a low
probability of a HOMO (old - 9a/9b centered) to LUMO (new - analyte centered) transitions
and showing meanly H-L, or H-L; (9a/9b centered) transitions (see Figures 2.9 and 2.10, as
well as Table Al in the Appendix A). Figure 2.13c shows the variation of Egg (excited state
energy) of the cluster in relation to the isolated compounds. It is important to note that greater
variations in the energies of excited states lead to larger shifts in the optical absorption
spectrum. With the exception of 9a with 2,4-DNT and TNT clusters, a decrease in energy
results in a red shift, while an increase in energy results in a blue shift.

The resulting spectra are governed by inductive effects and small perturbations of the
electronic structures by the presence of intermediate levels. In particular it its noticed that
effective interactions between reactive oxygen atoms of the nitro groups (with high /™ values)
of NACs with substrate triple bonds (with high /'~ values) lead to significant hypsochromic
effects noticed for 1,3-DNB, TNP (for compounds 9a and 9b), and TNT (for compound 9b).
This configuration indicates an effective substrate-to-analyte electron transfer process, which
weakens the m-systems of the substrates, reducing their effective conjugation lengths and
promoting the hypsochromic responses. The absence of significant changes on the 9a+TNT
system in relation to 9b+TNT is due to the absence of NO,-triple bond interaction noticed for
9b (replaced by CHj;-triple bond interaction). The redshift associated with 2,4-DNP is linked
to the formation of O-H bonds, which improves the aromaticity on central rings of the
substrates. The observed variability in optical absorption shifts may be attributed to the
diversity of interaction types (n—n stacking, NO,—~C=C interactions, and hydrogen bonding)
and the specific adsorption geometries adopted by each analyte. While such orientation
differences influence local electronic transitions and complexation energies, they do not
significantly alter the overall HOMO-LUMO gap closure, which remains consistently reduced
across systems. The combined analysis of adsorption energies and frontier molecular orbitals
(including relative alignments and spatial overlaps) provides a useful metric for evaluating the
sensor’s relative sensitivity to each analyte. In particular, the higher spatial overlap matrix
elements and stronger adsorption energies observed for TNP and TNT support their selection

for further stability assessment via BOMD simulations.
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These theoretical findings can be meaningfully compared with experimental data from
similar eumelanin-inspired molecules **. Notably, Selvaraju et al. reported that indole-based
conjugated systems with phenylene ethynylene linkers exhibit modulated HOMO-LUMO
energy levels and bandgaps depending on terminal substituents behavior that parallels the
analyte-induced bandgap shifts observed in our work. Importantly, their study shows that
nitroaromatics effectively quench photoluminescence, attributed to LUMO localization on the
NO,-containing analyte and HOMO retention on the substrate, thus facilitating photoinduced
electron transfer (PET). This agrees with the orbital alignments and spatial overlaps observed
in our adsorbed systems, particularly for TNP and TNT. The consistent HOMO-LUMO
separation and electronic coupling strongly support fluorescence quenching as a more robust
sensing mechanism. These insights highlight the importance of future experimental studies on
photoluminescent responses for validating and expanding the detection capabilities of

melanin-inspired platforms.

2.4.3 Born-Oppenheimer molecular dynamics

Figures 2.14 and 2.15 summarize key results derived from the Born-Oppenheimer
molecular dynamics (BOMD) simulations, providing dynamic insights into the structural
stability and vibrational behavior of the analyte—substrate complexes under thermal stress.

Figure 2.14 shows the time-averaged density distribution of the distance between the
analyte/substrate centers of mass, coming from BOMD simulations. Note that across all
systems, increasing the temperature (and consequently the kinetic energy) leads to greater
average displacement of the analyte from its initial position, reflected in broader p(r,)
distributions and decreased peak intensity. This behavior is consistent with reduced
interaction strength and higher desorption probabilities at elevated temperatures.

Notably, although the timescales explored in the simulations are shorter than those
expected for analyte dissociation at ambient temperature and 400 K, the broadening of p(7,)
suggests that, as temperature increases, the analyte moves further from its initial position,

increasing the probability of dissociation.


https://www.zotero.org/google-docs/?dF5PmU
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Figure 2.14 - Distribution of p(r,) over the 100 ps trajectories for the (a) 9a+TNT, (b)
9a+TNP, (¢) 9b+TNT, and (d) 9b+TNP systems. In all panels, the vertical black dashed line
represents the initial value of 7,.
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Source: Author.

Furthermore, it’s possible to note the dissociation of the 9a+TNT and 9b+TNP
systems at T = 650 K. The full trajectory videos are included in the le Drive folder,
reinforcing the argument that the adsorption dissociation time is greatly reduced as
temperature increases.

Figure 2.15 shows the velocity and dipole autocorrelation functions estimated for

adsorbed and isolated compounds for T = 300 K.
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Figure 2.15 - Vibrational Density of States obtained from the Fourier transform of the
velocity autocorrelation function for: (a) 9a+TNT, (b) 9a+TNP, (c) 9b+TNT, and (d) 9b+TNP
systems. In all panels, a shift toward higher frequencies is observed upon analyte adsorption.
The resulting Infrared spectrum obtained from the dipole autocorrelation function, are shown

in panels: (e) for 9a+TNT, (f) for 9a+TNP, (g) for 9b+TNT, and (h) for 9b+TNP.
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These results demonstrate that both 9a and 9b compounds exhibit a noticeable shift
towards higher frequencies upon adsorption of TNT and TNP nitroaromatic compounds
(NACs). While the peak positions in the VDOS and IR spectra remain largely consistent
between the pristine substrates and the adsorbed complexes-reflecting the intrinsic vibrational
modes of the organic framework *°, the overall spectral shift suggests that compounds 9a and
9b are promising candidates for NAC sensing involving Raman and IR spectra.

In summary, our results suggest that changes in electronic and vibrational properties
upon NAC adsorption could be probed via electrical (I-V, impedance, conductivity), optical
(fluorescence quenching) and vibrational (IR, Raman) measurements, supporting the use of

these low-cost materials as promising NAC sensors.

2.5 Conclusions

In this study, the sensing capabilities of melanin-inspired compounds toward
nitroaromatic compounds (NACs) were systematically investigated using density functional

theory (DFT) and Born-Oppenheimer molecular dynamics (BOMD) simulations.
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The results reveal that di-nitro and tri-nitro NACs (particularly TNT and TNP)
modulate the electronic, optical and vibrational properties of the modeled systems. In general,
the responses are robust across multiple adsorption relative positions.

Strong analyte-substrate interactions are noticed for these compounds, which also
present moderate estimated recovery time under mild conditions. BOMD indicate that
complexes are stable even under ambient and moderately elevated temperatures.

Our results highlight the potential of melanin-inspired derivatives as suitable materials
for chemiresistive and electrochemical sensors. Although the adsorbed systems exhibited
notable modulation in electronic and vibrational properties, no consistent trend was observed
in the optical absorption shifts across all analytes. This underscores the limitation of using
optical absorption alone as the sensing mechanism. Nevertheless, the bandgap reduction
induced by analyte adsorption suggests a potential for luminescence-based detection
strategies. In this sense, the investigation of photoluminescence and exciton dynamics
represents a promising direction for the development of eumelanin-based nitroaromatic
sensing platforms.

Their favorable optoelectronic and vibrational properties, combined with appropriate
adsorption energies, support their use in the selective and reversible detection of nitroaromatic
compounds. Consistent with experimental findings from related systems, these results
position compounds 9a and 9b as promising candidates for the development of low-cost,
sustainable sensor platforms, while also guiding the rational design of new bioinspired

sensing materials.
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APPENDIX A - Melanin-Based Compounds as Low-Cost Sensors for
Nitroaromatics: Theoretical Insights on Molecular Interactions and

Opto-Electronic Responses

Al. Total density of states (DOS) of compounds 9a, 9b and NACs
Figure A1 shows the DOS of compounds 9a and 9b superimposed to the NACs. Note
that the LUMO of the analytes 1,3-DNB, 2,4-DNP, 2,4-DNT, 2,6-DNT, TNP and TNT are

located into the band gap of the melanin-inspired compounds.

Figure A1 - Comparative analyses of the DOS melanin-inspired polymers (a) 9a and (b) 9b in
relation to all the Nitro-aromatics compounds.
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A2. Adsorption methodologies
Two distinct adsorption processes were employed to generate substrate+analyte
clusters: (i) adsorption guided by CAFI and (ii) Adsorption via docking submodule by
automated interaction site screening (alSS). Figure A2 presents the total energy variation
between each approach. Note that all variations result in positive values showing that the

approach i leads to clusters with lower total energies.

Figure A2 - Comparison of total system energy of the systems obtained by the distinct
adsorption approaches.
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A3. Additional data for adsorbed systems (clusters obtained via CAFI)
Figures A3 and A4 show the CAFIs and MEPs of melanin-based compounds
complexed with NACs.

Figure A3 - CAFIs and MEPs estimated for compound 9a with analytes.
Compound 9a fr f 10 MEP

High reactivity Low reactivity
-0.050 Potential 0.050

Source: Author.

Sites with higher CAFI values (red sites) represent regions that tend to interact with
nucleophiles (electron acceptor sites) for /', electrophiles (electron donor sites) for /~ or free
radicals (with no change in total number of electrons) for £. It is expected that the analytes
will have higher /" indices as the LUMO of the system tends to accept electrons and that the
highest f indices will be found in the melanin compounds as the HOMO tends to donate
electrons, supporting the data shown in Figure 2.4. The CAFI of adsorbed systems show
which atoms should be involved in the charge transfer processes. In this sense, special
attention must be paid to the triple bonds of melanin-based compounds and the oxygen atoms

of nitro groups in NACs.
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Figure A4 - CAFIs and MEPs estimated for compound 9b with analytes.
Compound 9% MEP
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Source: Author.

Figure A5 shows the CAFIs /" and /"~ of the melanin-based and NACs superimposed
on the lowest clusters aiming to represent the proximity between the atoms with the highest

reactivity indexes.
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Figure A5 - CAFIs estimated for compound 9a and CAFIs estimated for analytes.
f +comp9 +f _analyte f _comp9 +f +ana1yte f +comp9 +f _analyte f _comp9 +f +analyte

Source: Author.

Note that effective interaction between oxygen atoms of NACSs’ nitro groups and
triple bonds of the melanin-based compounds is observed for 1,3-DNB, TNP (for compounds
9a and 9b), and TNT (for compound 9b).

Table A1 presents the theoretical optical absorption spectra of compounds 9a and 9b,
both in their isolated forms and after adsorption, (clusters obtained through the CAFI
approach).
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Table A1l. Theoretical optical absorption spectra of compounds 9a and 9b isolated and

adsorbed, clusters obtained via CAFI approach.

Main

Compound Analyte E,(eV) Ay, (nm) Sosc transit. AE (eV) ¢/ x100
isolated ~ 2.9385 421.93 1.1064 H—-L 3.19 49.2846

1,3-DNB  3.0832 402.12  0.3962 H;—L 3.71 7.9180

H,—L, 4.19 5.9952

H-L, 343 33.3853

2,4-DNP  2.8179 439.99  0.8466 H—-L 2.87 48.8405
2,4-DNT  2.9306 423.07  0.8587 H—-L, 3.22 48.2039

7 2,6-DNT  2.9077 426.4 0.9469 H-L, 3.19 48.2275
TNP 3.0994 400.03 0.5881 Hs—L 3.65 1.9822

H,—L, 3.45 1.4156

H—-L, 3.44 43.0074

TNT 2.931 423.01 0.7137 H,—L 3.53 1.5982

H—-L; 3.24 47.0102

isolated  2.9032 427.06 1.3066 H—-L 3.17 49.3717

1,3-DNB  2.9492 420.4 0.7161 H-L, 3.31 46.8609

2,4-DNP  2.6948 460.09  0.8758 H—-L, 2.98 48.5907
2,4-DNT  2.8473 435.45 0.8179 H,—L 3.44 5.0127

H,—L 3.25 8.3943

H-L, 3.13 34.7204

9b 2,6-DNT  2.8469 435.5 0.8667 H,—L 3.31 9.6336
H—-L, 3.13 38.0430

TNP 2.9776 416.39  0.6067 H;—L, 3.50 13.4557

H—-L; 3.32 33.2629

TNT 3.0475 406.84  0.6824 H;—L, 3.52 1.6672

H,—L, 3.14 1.0341

H—-L, 3.41 45.0711

Source: Author.
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Figure A6 shows the spatial distribution of the frontier molecular orbitals and the most
relevant orbitals (largest ¢/ x 100) presented in Table Al, resulting from the optical

absorption calculations made using TD-DFT.

Figure A6 - Spatial distribution and energy levels of the FMOs and most relevant orbitals

over the clusters: (a) Compound 9a and (b) Compound 9b.
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Similar to Figures 2.8 and 2.9, Figure A6 demonstrates that LUMO, (for n > 1) are
centered on the melanin-based structures instead of the analytes.

The recovery time, 1, indicates the time required to completely desorb an analyte from
the substrate surface. Ideally, it should range from a few milliseconds to minutes, indicating

an effective anchoring property combined with a reasonable recovery capability. It can be

estimated by Eq. Al:

T=V Xe (A1)
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E,, refers to the adsorption energy (as presented in Fig. 2.11), v denotes the attempt frequency
(~10"* s for visible light exposition), k; represents the Boltzmann constant, and T represents
the temperature. Table A2 shows the 1 (in seconds) estimated for TNP and TNT systems for

different temperatures.

Table A2 - Recovery time of compounds 9a and 9b for TNP and TNT.

(s)
Systems
300 K 400 K 500 K 650 K
9a+TNP 420X 10* 2.93 9.41X10° 470X 10°
9a+TNT 4.41X10* 3.04 9.70X 107 4.81X10°
9b+TNP 1.04X10° 5.78 1.62X102 7.14X107°
Ob+TNT 1.93X10° 9.21 2.35X10? 9.51X10°

Source: Author.
To investigate the selectivity of the compounds, additional adsorption studies were

carried out for N, and O, (triplet state) using the same theoretical approach as NACs

presented in Table A3.

Table A3. Complexation energy of compounds 9a and 9b.

Adsorption energy (eV)
Compound
1,3-DNB 2,4-DNP 2,4-DNT 2,6-DNT TNP TNT N, 0,
9a -0.768  -0.629  -0.738  -0.669  -0990 -0.991  -0.118  -0.102
9b -0.784  -0.642  -0.755 -0.667 -1.013  -1.029  -0.119  -0.103

Source: Author.

The results revealed adsorption energies of -0.118 eV (-0.119 eV) and -0.102 (-0.103
eV) for N, and O, respectively, regarding compound 9a (9b), suggesting weak interactions
for both the analytes. Note that the adsorption energy obtained for N, (O,) was around 8x
(10x) lower than for TNP and TNT.

Figure A7 presents a quantitative description of the compounds HOMO/LUMO
overlap, estimated via the spatial overlap matrix elements {|Quomo ||| Prumol) - Note that the

frontier orbitals overlap are improved for 1,3-DNB, TNP, and TNT.


https://www.zotero.org/google-docs/?nMUoFz

Figure A7 - HOMO/LUMO spatial overlap in adsorbed systems.
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A4. Results for clusters obtained via docking by aISS
Figures A7 and AS illustrate the partial and total density of states (PDOS and DOS)

obtained for clusters coming from docking by aISS (see Fig. 2.7 and 2.8 of the main text for

clusters obtained by CAFI).

Figure A8 - DOS and PDOS of melanin-inspired compound (9a - 9b) with: (a - b) 1,3-DNB,
(c-d)2,4-DNP and (e - f) 2,4-DNT positioned via docking by aISS approach.
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Source: Author.
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Figure A9 - DOS and PDOS of melanin-inspired compound (9a - 9b) with: (a - b) 2,6-DNT,
(c-d) TNP and (e - f) TNT positioned via docking by alSS approach.
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Source: Author.

It is possible to note that the HOMO of the systems is dominated by the melanin-based
compounds while the LUMO is dominated by the NACs, leading to clusters with reduced
electronic band gaps.

Figures A10 and A1l represent the (BSSE corrected) complexation energies between
melanin substrates and analytes, and the interaction area of clusters obtained via docking by

alSS approach.
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Figure A10 - Complexation energies between melanin-inspired compounds and NACs for
clusters obtained via docking by alSS approach.
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Source: Author.

Figure A10 shows a significant increase in the complexation energy of the clusters
based on 2,4-DNP analytes. As shown in Figure 2.10, the complexation energy for 1,3-DNB,
2,4-DNT, and 2,6-DNT compounds is lower than that of the trinitro compounds. With the
exception of 2,4-DNT and TNP, compound 9b exhibits a higher complexation energy
compared to compound 9a.

The higher complexation energies identified for clusters obtained via docking by alSS
approach indicate the existence of strong analyte-substrate interactions. However, once these
systems present higher total energies in relation to CAFI guided adsorption process, we can
consider that such interactions lead to more expressive structural distortions of the systems,

increasing the total energy of the clusters.
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Figure A1l - Analyte-melanin-based compound interactions: strength and interaction areas

(results for clusters obtained via docking by alSS approach).
' 24-DNP ¢, 2,4-DNT “¢,

Hydrogen bond vdW interaction - Steric effect

-0.020 sign(4,)p 0.025

Source: Author.

Note that the interactions of compound 9 with the analyte are predominantly van der
Waals (vdW) interactions. Most systems exhibit interactions primarily occurring at the core of
compound 9 and a portion of side groups and central rings. An exception is observed for the
9a+2,4-DNP cluster, where interactions occur with both side groups, resulting in a notable
distortion of compound 9a and consequently a higher complexation energy. Except for the
systems 9a-TNP, 9b-2,4-DNP, 9b-2,6-DNT, and 9b-TNT, in all the other systems the analyte
final structure is aligned on the opposite side of the melanin-based compound compared to the
manually assembled systems (CAFI guided adsorption).

Figure Al2a-b depicts the absorption spectra of compounds 9a and 9b isolated and
adsorbed with distinct NACs, as well as the main peak shift noticed for each substrate/analyte
system. Figure Al12c presents the numerical shift observed in Fig. Al12a and A12b. Figure
A12d shows the variation of energy of Epg (Excited state energy) of the cluster in relation to

the compound 9 isolated.
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Figure A12 - Theoretical optical absorption spectra of compounds 9a (a) and 9b (b) (gaussian
curves with half width of 5 nm): isolated and adsorbed with NACs clusters obtained via
docking by alSS approach, (c) the absorption shift and (d) Excited state energy variation.
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Source: Author.

Note that, in general, the NACs adsorption leads to more significant changes on the

main peak optical absorption of the compound 9b than 9a. Some compounds presented
bathochromic shift (red shifted: 1,3-DNB; 2,4-DNT; and TNP) and anomalous (with no
pattern: 2,4-DNP; 2,6-DNT and TNT) analytes. Significant deviations are noticed for
2,4-DNP (AL = —18.5 nm with 9a and AX = +19.5 nm with 9b) and TNP (AL = +18.18 nm

with 9b).

With the exception of 9a with 1,3-DNB, 2,4-DNT and 2,6-DNT clusters, a decrease in

energy results in a red shift, while an increase in energy results in a blue shift.

Table A4 presents the theoretical optical absorption spectra of compounds 9a and 9b,

both in their isolated forms and after adsorption, (clusters obtained via docking by alISS

approach).
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Table A4 - Theoretical optical absorption spectra of compounds 9a and 9b adsorbed, clusters
obtained via docking by aISS approach.

Derivative E . (eV) A, (nm) Sosc Main transit. AE (eV) ¢?x100

9a 2.9385 421.93 1.1064 H—-L 3.19 49.2846
9a+1,3-DNB  2.9056 426.7 0.6088 H,—L 3.54 5.3991
H,—L, 3.55 4.8748
H—-L, 3.21 38.8677
9a+2,4-DNP  3.0733 403.42 0.5911 H—L, 3.45 47.7440
9a+2,4-DNT  2.9322 422.84 0.6539 H,—L, 3.55 14.8071
H—-L, 3.21 33.2272
9a+2,6-DNT  2.9215 424.39 0.8954 H,—L 3.48 1.1366
H—-L, 3.21 47.4597
9a+TNP 2.9019 427.26 0.8716 H—-L; 3.18 48.1358
9a+TNT 2.9399 421.73 0.5192 H;—L 3.53 11.2091
H,—L, 3.49 4.4108
H—-L; 3.26 32.0560
Derivative E, (eV) A, (nm) Sose Main transit. AE (eV) ¢?x100
9b 2.9032 427.06 1.3066 H—-L 3.17 49.3717
9b+1,3-DNB  2.8587 433.71 0.8956 H;—L 3.46 4.4808
H,—L, 3.30 3.0457
H-L, 3.17 41.4453
9b+2,4-DNP  2.7764 446.56 0.7578 H—-L, 3.09 47.2753
Ob+2,4-DNT  2.8430 436.11 0.9535 H,—L 3.26 2.3437
H,—L 3.25 3.4708
H—-L, 3.12 42.5769
9b+2,6-DNT  2.9323 422.83 0.9597 H,—L 3.29 1.1922
H,—L, 3.43 1.2728
H—-L, 3.24 45.6030
9b+TNP 2.7846 445.25 0.8910 H,—L; 3.91 2.9801
H—L, 3.08 45.3225
9b+TNT 2.8652 432.73 0.7704 H,—L, 3.42 3.9038
H—-L, 3.19 43.8575

Source: Author.

Figure A13 shows the spatial distribution of the frontier molecular orbitals and the
most relevant orbitals (largest ¢/ x 100) presented in Table A4, resulting from the optical

absorption calculations made using TD-DFT.
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Figure A13 - Spatial distribution and energy levels of the FMOs and most relevant orbitals
over the clusters: (a) Compound 9a and (b) Compound 9b.
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Similar to Figures A8 and A9, Figure A13 demonstrates that LUMO, (for n > 1) are

centered on the melanin-based structures instead of the analytes.
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CHAPTER III — DFT-Guided Design of Melanin-Inspired Materials for

High-Performance Organic Solar Cells?

3.1 Abstract

Organic solar cells (OSCs) have rapidly emerged as a promising alternative to traditional
photovoltaic technologies, such as crystalline silicon and perovskites, due to their potential for
low-cost, lightweight, and flexible applications. The development of efficient, non-toxic, and
earth-abundant materials has motivated the transition from fullerene-based acceptors to
non-fullerene counterparts. While current non-fullerene acceptors offer improved spectral
absorption, they still present limitations in terms of absorption bandwidth and exciton
dissociation efficiency, which constrain overall device performance. In this work, we designed
and computationally evaluated a series of donor and acceptor molecules based on Y6
derivatives and eumelanin-inspired motifs. Specifically, we investigated the effect of
incorporating hydroxyindole-based end groups (EG,,,) into the Y6, structure using density
functional theory (DFT). Our results demonstrate that these EGmel groups extend the optical
absorption and enhance electron-accepting capabilities. Furthermore, we assessed a set of
eumelanin-like oligomers as potential donor materials, which showed open-circuit voltage
predictions comparable to benchmark donors such as PM6 and DI18. These findings
underscore the potential of bio-inspired modifications, such as hydroxyindole end groups and
indolic donor cores, to improve the performance and sustainability of next-generation organic

photovoltaic materials.

Keywords: Organic Solar Cells, Melanin-Inspired compounds, Density Functional Theory,

Non-Fullerene Acceptors.

% Note: Parts of this chapter were previously published as:

Cachaneski-Lopes, J. P.; Alves, G. G. B.; Bégué, D.; Batagin-Neto, A. DFT-guided design of melanin-inspired
materials for high-performance organic solar cells. Computational and Theoretical Chemistry, 1255, 115580
(2026).

The content was restructured and expanded for incorporation into this thesis.
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3.2 Introduction

In recent years, considerable efforts have been devoted to the development of novel
and more efficient solar cell technologies. In this context, the use of organic solar cells

(OSCs) has achieved great prominence **'%

. Over time, various strategies have been
implemented to improve their performance, leading to PCE values reaching approximately
20% "% A key breakthrough was the incorporation of donor-acceptor (D-A) material blends
in the active layer, which gave rise to bulk heterojunction organic solar cells (BHJOSCs) '™,
Early BHJOSCs employed wide-bandgap polymers as donors and fullerene-based

15, but their performance was hindered by poor light absorption and limited

acceptors
tunability ''. To overcome these drawbacks, small-molecule acceptors (SMAs) with narrow
band gaps were introduced as alternatives to fullerene derivatives. Due to their anisotropic
and non-spherical structures, SMAs require precise donor matching to maximize device
performance ',

SMAs have undergone significant design improvements to achieve higher PCEs,
leading to the development of A-D-A type SMAs '%, which consist of blocks with distinct
donor (D) and acceptor (A) properties. The search for optimized structures has been gradual,
involving chemical modifications, such as the addition of alkyl side chains, and alterations to
the core block A/D nature. For instance, Zou et al. advanced the typical A-D-A structure by
introducing an A-DA'D-A design, where A' represents an electron-deficient acceptor subunit
incorporated into the traditional donor core '°°. More recent developments in SMA design
stem from the work of Feng et al., that used 2-(3-0x0-2,3-dihydroinden-1-ylidene) as A units
at the edge of the dithieno[3,2-b]pyrrolobenzotriazole (BZTP) core, leading to the
non-fullerene acceptor (NFA) BZIC '77.

Key progress in NFA optimization came with benzothiadiazole-core-based structures,

exemplified by the Y-series and BZTP-series '*'°*!'"7. The Y-series comprises a family of

108 108,109
s

similar NFAs, differentiated by minor modifications in side chains ™, main cores
and/or end-groups (EG) '”. In particular, end groups (EG) can significantly affect a broad
range of critical properties, such as charge carrier mobility, dimer interactions, molecular
stacking, crystallinity, quadrupole moments, frontier orbital energies, reorganization energies,
and light absorption spectra ',

Since the development of ITIC, most widely studied NFA materials have employed
similar EGs, typically derived from 2-(3-ox0-2,3-dihydroinden-1-ylidene)malononitrile

(INCN). Modifications to this group often involve the introduction of different functional


https://www.zotero.org/google-docs/?ydxQdF
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https://www.zotero.org/google-docs/?1vILyg
https://www.zotero.org/google-docs/?SGWByF
https://www.zotero.org/google-docs/?xB4gJ9
https://www.zotero.org/google-docs/?VQ6Z0v
https://www.zotero.org/google-docs/?tIZueP
https://www.zotero.org/google-docs/?3StU5p
https://www.zotero.org/google-docs/?S1h2UO
https://www.zotero.org/google-docs/?YMzG4B
https://www.zotero.org/google-docs/?k44M4O
https://www.zotero.org/google-docs/?WggZuH
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groups or ring substitutions (such as the incorporation of a thiophene ring in BTTPC) '®°, The
use of INCN-based EGs were the key factor for promoting efficient n-w stacking, leading to
improved films '®!%, Their strong electron-withdrawing character also broadens the optical
absorption and reduces bandgaps '*!%!'2, Recent strategies employing substitutions and use of
asymmetric EGs have opened new pathways for enhancing the photovoltaic performance of
NFAs, but deeper exploration is still required to achieve fully optimized and efficient systems
110,113—115'

Among the potential EGs to consider, indole quinone-based systems stand out as
promising candidates. These structures are typical building blocks of melanins, complex
structural pigments found in living organisms "'*!''". Incorporating these compounds as EGs
could offer significant benefits, given their stability and ability to support both ionic and

118

electronic transport Moreover, these compounds share structural similarities with

commonly used EGs, which may facilitate their integration into traditional NFAs ',

In this study, we evaluate the impact of incorporating bioinspired eumelanin-based and
modified traditional EG (named EG,-R and EG-R, respectively) into the typical Y6 core
(Y6,,.). The acceptor and donor capabilities, local reactivity, optoelectronic properties, and
other properties were assessed through electronic structure calculations using density
functional theory (DFT). Performance parameters were analyzed by considering well-known
donor structures reported for Y6, namely PM6 and DI18. Additionally, melanin-inspired
oligomeric structures (MIOs), reported by Selvaraju et al. 7, were evaluated as potential
donors. These molecules, derived from renewable feedstocks such as vanillin, are accessible
via efficient synthetic routes and are compatible with well-established cross-coupling
methodologies, supporting their practical use in organic electronics ™**!*!, MIOs incorporate
C=C triple bonds within their m-conjugated backbones, promoting molecular planarity,
enhancing charge-carrier mobility, and facilitating frontier orbital delocalization "', These
alkynyl units also contribute to vibrational modes relevant to electronic coupling, while

49

supporting efficient intramolecular charge separation *. Additionally, electron-donating

methoxy groups further modulate the optoelectronic properties of the material by increasing
electron density and preserving planarity **>°.

Our findings highlight the potential of eumelanin-inspired structures as EGs of
non-fullerene acceptors (NFAs) and donors (MIOs). By incorporating bio-derived EG,,
derivatives onto the Y6, we demonstrate a broad tunability of electronic properties,
including enhanced light absorption and favorable frontier molecular orbital (FMO)

alignments, key factors for efficient exciton dissociation. Functionalization of the EG-R, and


https://www.zotero.org/google-docs/?odRpTV
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EG,.-R, structures significantly influences the energy level alignment between donor and
acceptor materials, as well as their electron-donating or -accepting capabilities. Certain
donor—acceptor pairs, such as (MIOy,),:Y6-EG,,-H, (MIOy,),:Y6-EG-(OH),, and
(MIOg),,:EG-Y6-EG-(OH),, also exhibited promising properties, positioning MIOy,-based

systems as interesting donor candidates.

3.3 Material and Methods

3.3.1 Material

Figure 3.1a summarizes the chemical structure of the distinct EG,,; considered in the
present study. DHICA (5,6-dihidroxi-1H-indole-2-carboxylic acid) represents one of the most
common building block of natural eumelanins; the other compounds: DHI-2CH, (2-methylene
indoline-5,6-diol), DHI-2,3CH, (2,3-dimethylene indoline-5,6-diol), DHI-2CH,-3C(CH,;),
(2-methylene-3-(propan-2-ylidene)indoline-5,6-diol), DHI-2CH,-3C (CH;+CN)
((Z2)-2-(5,6-dihydroxy-2-methyleneindolin-3-ylidene)propanenitrile), EG,,-(OH),
(2-(5,6-dihydroxy-2-methyleneindolin-3-ylidene)malononitrile), EG,,-Diol (2-(2-(dihydroxy-
methylene)-5,6-dihydroxyindolin-3-ylidene)malononitrile), EG,,,-CA (3-(dicyanomethylene)-
5,6-dihydroxyindoline-2- carboxylic acid) define DHICA modified structures, designed to
resemble  EG-F,  (2-(5,6-difluoro-2-methylene-3-0x0-2,3-dihydro-1H-inden-1-ylidene)-
malononitrile), the traditional EG of Y6. All these intermediate structures were analyzed to
investigate the effect of chemical modifications on the structure of DHICA, ultimately leading
to the formation of the EG,,-(OH), (our proposed melanin-based EG); the effect of COOH
incorporation on modified structures was also evaluated for completeness. Figure 3.1b
illustrates di- and tetra-substituted EG,, and EG, while Figure 3.1c presents the overall
structure of Y6 derivatives. Figure 1d shows the chemical structure of polymer donors
considered for performance evaluation: MEH-PPV, P3HT, D18, and PM6. Melanin-based
oligomeric compounds MIOy, (methyl5,6-dimethoxy-1-methyl-4,7-bis(phenylethynyl)-
1H-indole-2-carboxylate) and MIOy, (methyl5,6-dimethoxy-4,7-bis((4-methoxyphenyl)-
ethynyl)-1-methyl-1H-indole-2-carboxylate) 7 were considered to investigate their potential

applications as electron donors.
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Figure 3.1 - (a) Typical basic unit of the DHICA and modifications up to the EG,,.,-(OH),; (b)
Side groups compounds: EG,,; and EG; (c) NF acceptors: Y6 with distinct EG,,, and EG, and
(d) Typical polymer donors: MEH-PPV, P3HT, D18, PM6 and melanin-inspired compounds
MIOy, and MIO,,.
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Source: Author.

Aiming to conduct comparative analyses, typical fullerene acceptors (PCBM and

ICBA) were also evaluated.

3.3.2 Methods

All the structures were designed with the aid of the Gaussview computational package

*6, The 3D geometries were then optimized in the framework of the density functional theory
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(DFT) using B3LYP ****'%2 exchange-correlation (XC) functional and 6-311G(d,p) basis set
on all the atoms. Polymeric systems were evaluated considering oligomeric structures in a
DFT/B3LYP/6-311G(d,p) approach for MIO,,, MIOy,, MEH-PPV and P3HT. The PM6 and
D18 oligomers were optimized via a simplified DFT/B3LYP/6-31G(d) approach, due to the
higher computational costs associated with these structures. Nevertheless, larger basis sets
(6-311G(d, p)) were employed to evaluate their optoelectronic properties for comparison.

The local reactivities were evaluated via the condensed-to-atoms Fukui indexes
(CAFIs) %'% analysis and investigation of the Kohn-Sham (KS) frontier molecular orbitals
(FMO) spatial distribution (considering the highest occupied and the lowest unoccupied KS
orbitals, HOMO and LUMO, respectively).

The donation and acceptance indexes (Rp/R,) were estimated from the analysis of the
relative electron accepting and electron donating powers as reported by in refs 7,

The relative alignments between the FMOs were also evaluated to investigate the
potential applicability of distinct D:A pairs. The HOMO and LUMO energies (Eyomo and
Erumo) were estimated via KS eigenvalues. The electronic gaps were obtained from E,,, =
Erumo - Enomo-

The solar absorption yield was estimated by integrating the product of solar irradiance
and the Gaussian-convoluted theoretical optical absorption spectra of the molecules (Eq. 3.1

and 3.2), from the ultraviolet (UV) to the infrared (IR) (e.g. from ~200 nm to ~3500 nm, see
Fig. B18):

IR

J @) x e)]dA (3.1)

uv

() = T M = Tt e

2t 7 1.+ €
j=1 1000.In(10).c m, (10.0 )

] (3.2)

where /(M) represents the solar irradiance as a function of A, () denotes the absorption of
interest with oscillation strength f; at each wavelength A, A and A; are the wavelengths
corresponding to solar irradiance and excited state of interest, respectively. e, N, ¢, m,
represents the fundamental electron charge, Avogadro’s number, speed of light, and electron
mass. 6 = 0.4 eV = 1/3099.6 nm™ represents the standard deviation of the Gaussian ',

The optical properties of the compounds were evaluated via a time dependent DFT

(TD-DFT) approach, employing the B3LYP/6-311G(d,p) approach. The optical gaps (E,,)
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were estimated via vertical transitions involving the first singlet excited states of each system
(Evern)- Exciton binding energies were estimated by Ex = E,,, - E,, '*°. Reorganization energies

for electrons (A.) and holes (A,) were calculated via Eqs. 3 and 4, considering only the

internal reorganization energies %4125
A, = [Ex(Vx-1, N) = ET(vx, N)] + [Er(vy, N = 1) = Eq(vyey, N = 1)] (3)
A = [Er(Vnar, N) = ET(vy, N)] + [Eq(vi, N+ 1) = Eq(vney, N+ 1)] (4)

where Er(vni, N +j) represents the total energy coming from single-point calculations for the
species M7 (i.e., M with N + j electrons) with the structure previously obtained from the
optimization of the M™* species (i.e., M with N + k electrons) '**!?°. Materials with low values
of A, (A,) facilitate the transport of electrons (holes). All the calculations were conducted with
the aid of Gaussian 16 computational package ®.

Additional performance parameters were also evaluated for the distinct D:A pairs,
which are better illustrated in Figure B1 ''*3! The AE,; represents the difference between
the LUMO levels of the donor (LUMO)) and the acceptor (LUMO,) while AE represents
the difference between the HOMO levels of these compounds. Such parameters allow
estimating the probabilities of exciton dissociation and recombination, respectively 333,
efficient devices are supposed to present AE;; and AEyy; higher than the exciton binding
energies (Ey, typically 0.3 eV) "% E,,, defines the fundamental electronic gap of the donor
material, and is associated with its optical absorption capacity. Low E,,, values result in more
efficient donor absorption, however, very small values may significantly reduce other relevant
parameters such as: AE;p 4 (associated with the open circuit voltage of the devices (Eq. 5),

AE v and AE, ¢, (associated with the differences between FMO levels of the donor/acceptor

and the work function of anode and cathode).

e.Voc = (|EHOMO,D - ELUMO,Al - Ex) (5)

3.4 Results and discussions

3.4.1 Evaluation of EG,,: from DHICA to EG,,,-(OH), and other intermediates

Figure 3.2a shows the relative alignment of the FMOs of DHICA and its derivatives
up to the conversion to EG,,,-(OH), (our proposed melanin-based EG) and then to EG,,-CA.
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Figure 3.2b summarizes the spatial distribution of the Kohn-Sham molecular orbitals

associated with these frontier energy levels.

Figure 3.2 - (a) FMOs of DHICA and intermediate structures up to EG,,-CA; (b) Spatial
distribution of DHICA and modifications to EG,,,,.
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Note that the incorporation of methylene at 2-carboxylic acid (CA) position increases
both FMOs energy. The addition of methylene at carbon 3 decreases the E;yyo and
consequently the E,,,. The subsequent changes up to EG,,,-(OH), reduce the HOMO and
LUMO values, with no substantial changes to E,,. The final incorporation of COOH at
carbon 2 promotes a significant reduction on E,,,, leading to EG,,,-CA, however, it eliminates

the anchoring methylene group.
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In relation to spatial distribution of the HOMO: (i) from DHICA to DHI-2CH, it is
noticed a reduced contribution of carbon 2 and increased contribution of nitrogen, methylene,
and carbon 3; (ii) the inclusion of methylene group on carbon 3 in DHI-2,3CH, increases the
HOMO around the region. This pattern is repeated for subsequent structures up to
EG,,.-(OH),, so that higher localization of the HOMO around five-membered ring ligands is
noticed (mainly on C>-CH, and C*-C(CN),, where C* indicates the carbon X of the main
structure - see Fig. 3.1a. The replacement of 2-methylene by 2-(di-hydroxymethylene) and
COOH spread out the HOMO over the main structure.

Regarding the LUMO, it is possible to address the following points: (i) from DHICA
to DHI-2DH, the contributions of C2-COOH and C’ decrease while C*, C*® (linking C°> and
C% and C7 increase; (ii) the addition of the methylene group to C* in DHI-2,3CH, increases
the contribution of metilene from C? and C°, in addition to C***. This pattern is maintained up
to EG,-(OH),; (iii) with the replacement of 2-methylene by 2-(di-hydroxymethylene) and
COOH, the LUMO comes back to the nitrogen, C*-Diol and C>-COOH. Similar localization
effects can be seen at the quinone unit of DHICA, EG,,,-Diol and EG,,,-CA.

To investigate the role of the distinct units in electron acceptance/donation processes,
we examined the local reactivities of these compounds. Figure 3.3 presents the CAFI (MEP)
results as color scales. Red and blue regions indicate the position of reactive (negatively
charged) and non-reactive (positively charged) sites, respectively. Intermediate reactivities
(charge concentration) are represented by other colors following the RGB scale. High CAFIs
(red atoms) indicate regions that are prone to interact with nucleophiles (f *, accepting
electrons from the environment), electrophiles (f~, donating electrons to the environment), and

free radicals (£, with no net change in the total number of electrons).
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Figure 3.3 - CAFIs estimated for basic unit of DHICA and modiﬁcations to EG,,q.
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It is interesting to note that significant changes are noticed only from
DHICA-to-DHI-2,3CH, species. From this structure up to EG,,-CA the local reactivity
remains over the side groups, attached to the five-membered ring. It is important to identify
the dominant role of the CN group on the reactivity of EG,.-(OH),, indicating its high
electron-acceptance/donation properties (see Figure B14a), already observed in distinct NFA
structures . The high reactivity identified on C?-CH, indicates the plausibility of EGs
incorporation on NFA cores.

The MEP analysis reveals a high electron density on the nitrogen of the nitrile group
and the oxygen of the hydroxyl group in all cases, which is consistent with the configuration
observed for EG-F, *. Notably, high charge concentration is also present on the indole groups,

suggesting their potential for ionic conduction and ability to anchor within the device.
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3.4.2 Comparison between EG,,,-R and EG-R: influence of side groups attached

on phenyl rings

To better understand the impact of additional side groups on EG,,,, we conducted a
comparative analysis between our eumelanin-inspired EGs (EG,,-R,) and traditional ones
(EG-R,, for n =2 or 4, and R = H, OH, F, or Cl). Figure 3.4 presents the relative positions of
the KS-FMOs for these systems, along with the changes in the E,,, relative to R = H for each
case. Notably, the EG-H and EG-F, systems correspond to EGs already incorporated into
commercial NFAs, such as BZIC, ITIC, and Y6.

Figure 3.4 - Energy levels of the FMO estimated for eumelanin-inspired (EG,,.-R,) and
traditional (EG-R,) EGs.
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When considering R = H as the reference system, it is observed that the inclusion of
hydroxyl groups leads to an increase in the FMOs energies. In contrast, the incorporation of
halogens promotes a decrease in FMO energy, with chlorine having a slightly stronger effect
than fluorine. All structures show reduced E,,,, except EG,,,-(OH), and EG,,.-F,, where the
order of influence is: (OH), > Cl, > F,. Notably, the impact on E,,, is more pronounced in the
EG-R systems compared to their EG,,-R counterparts.

CAFI analyses were conducted to investigate the role of the distinct side groups on the
local reactivity of the compounds. Figure 3.5 presents a summary of the obtained results,

using the same definitions as in Figure 3.3.



Figure 3.5 - CAFIs estimated for: (a) EG,-R, and (b) EG-R, and variations.
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Figures 3.5a and 3.5b show that the high f * indices for both, EG,, and EG, are
primarily located at the 2-methylene position. The f - indices indicate high reactivity at the
nitrogen of the indole, with some structures (e.g. EG,,.,-Cl,, EG,,,-Cl,, EG-CIl,, and EG-Cl,)
also displaying elevated /- values at atoms bonded to carbons 5, 6, and 7. Additionally, all
structures exhibit high /" and /™ indices at the nitrile groups. The MEP analysis reveals a high
electron density mainly on the nitrogen of the nitrile and on the oxygen of the hydroxyl group
in EG,,. High electron density is also noticed on the oxygen of ketone in EG.

In general, there are no significant changes in the CAFI indexes and MEP of C=N
groups for traditional EG and EG,,,. Given the relevance of EGs on the performance of NFAs,
this suggests that the EG-R and EG,-R can present similar responses. The high /"~ and /™
reactivity indexes in C? of EG,,,-R suggest an improved internal charge transfer of this group

compared to EG.

3.4.3 Incorporation of EG,,-R, and EG-R, groups on Y6,,,.

Figure 3.6 shows the effect induced on the frontier energy levels and electronic gaps
by incorporating EG,,-R, and EG-R, groups into the Y6 core. These effects are evaluated for
both, symmetric (EG,./Y6./EG,, and EG/Y6.,/EG, referred to as Y6-EG,.,-R, and
Y6-EG-R,, respectively) and asymmetric structures (EG,,./Y6.,/EG, referred to as
EG,-Y6-EG-R,, where both EG share the same R, ligand). The changes noticed on the gaps

(Figure 3.6b) were estimated in relation to systems with R, = H.
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Figure 3.6 - (a) Relative alignment of the FMOs for Y6-based structures, the tiny (H: gray
and L: wine) levels displayed for heterogeneous systems indicate the energy levels of
homogeneous analogues (short: EG,, long: EG) and (b) Variation of E,,, of Y6-EG,,-R,,
Y6-EG-R, and EG,,-Y6-EG-R, in relation to systems with R, = H.
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Figure 3.6a illustrates a significant reduction of the electronic gaps in relation to
Y6, In general, it is noticed the same trend observed in Figure 3.4 for FMO evolution. The
impact of functional groups becomes more pronounced as the number of halogens or
hydroxyls (n) increases. Notably, heterogeneous structures exhibit intermediate energy levels
relative to their homogeneous counterparts. In particular, greater differences between EG,,-R,
and EG-R, homogeneous structures are observed in the HOMO levels.

Figure 3.6b reveals a general trend in E,,, variations: (i) the incorporation of halogens
leads to a reduction in E,,,, with more pronounced effects as the number of substituents (n)
increases; (ii) hydroxyl groups, in contrast, increase E,, values, with stronger effects for n = 4

compared to n = 2. An exception is observed in the homogeneous EG,,.-(OH),-based system,
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though this behavior aligns with the trend shown in Figure 3.4. Notably, halogens have a
greater impact on EG,,,-R, systems than on EG-R, counterparts.

Figure 3.7 presents the optical absorption spectra for both homogeneous and
heterogeneous systems. The absorbance intensities are normalized to the most intense peak

within each type of structure.

Figure 3.7 - Theoretical optical absorption spectra of: (a) homogeneous (EG,,, solid line and
EG in dashed line) and (b) heterogeneous Y 6-based derivatives.
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Most of the homogeneous systems exhibit a slight red shift when compared to
Y6-EG,,,-H and Y6-EG-H (724 and 663 nm, respectively), except for R, = (OH),. EG,..-R,
based systems present a wide absorption range, from 720 to 777 nm (for Y6-EG,,,-(OH), and
Y6-EG,,,-Cl,, respectively), while EG-R, based ones absorb between 649 and 693 nm
(Y6-EG-(OH), and Y6-EG-Cl,, respectively). Figure 3.7b shows that the presence of OH
groups on heterogeneous systems promotes a slight blue-shift in the spectra, while halogens
lead to red-shifts, of up to 33 nm for R = Cl, (compared to EG,,,-Y6-EG-H). The effects are
sensitive to the n, with stronger effects for a higher number of ligands (the individual results
of the optical absorption spectra of DHICA and EGs are presented in Figures B2 and B3 in
the Appendix B.
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The above presented results suggest that a blend of such NFAs could amplify the
optical absorption range of the devices (from 649 up to 777 nm). In order to assess the
properties of the mixture of Y6 melanin-based and Y6 traditional structures, complementary
studies considering clusters were conducted. These studies indicated an effective absorption
range between 695 and 765 nm (see Figure B4 in Appendix B). This finding suggests that the

melanin-based structures can dominate the optical absorption properties in mixed systems.

Figure 3.8 - Spatial distribution of the FMOs of EG,,,-Y6-EG-R,, systems.
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Homogeneous symmetric Y6-EG,,-R, and Y6-EG-R, structures (Figures B8 and B9
respectively) present an uniform spatial distribution of the FMOs on the Y6, with the
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LUMO primarily situated on the EGs. It is noticed the influence of hydroxyls on the HOMO
composition, shifting this orbital to carbons 5, 7, and 9. Small, similar effects are noticed for
R, = F, and Cl,. The strong orbital overlap reduces the exciton binding energy and enhances
charge mobility by promoting greater delocalization of the frontier molecular orbitals along
the acceptor structure.

Figure 3.8 highlights the dominance of EG,-R, groups in the HOMO compared to
EG-R, in heterogeneous derivatives, which is not so evident for the LUMO. Consequently, the
H-L overlap is reduced in EG,-R,-based homogeneous systems, although it remains
generally larger than in Y6-EG-R, ones (see Figure 3.9). Conversely, for exciton binding
energies (Figure 3.9), smaller Eyx values are observed for EG,,,-R,-based structures, followed
by EG,.-Y6-EG-R, heterogeneous asymmetric systems. Y6-EG-R, structures exhibit the
highest Ex values (see Table B2, Table B3, Figures B10 and B11 in Appendix B for details),

indicating that charge mobility is favored in melanin-based systems.

Figure 3.9 - H-L spatial overlap for Y6-EG,,-R, (black), Y6-EG-R, (light green) and
EG,-Y6-EG-R, (dark green) derivatives and their corresponding Ex (yellow bars).
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Figures 3.10a-b and 3.11 display color maps corresponding to the CAFIs and MEPs of

the systems, using the same definitions as those in Figure 3.3.
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Figure 3.10 - CAFIs estimated for homogeneous symmetric systems (a) Y6-EG,,-R, and (b)
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Figure 3.11 - CAFIs estimated for heterogeneous asymmetric systems EG,,,-Y6-EG-R,,.
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The local reactivity of Y6 (Y6-EG-F,) reveals three primary reactive sites for /' *: (i)
the central sulfur atom, and (ii) the two nitriles attached to the EG. In contrast, a single
reactive site for f° is observed, located on the central sulfur. This pattern suggests two main
charge transfer (CT) routes involving EG and the central region of the core, with a
predominant contribution from the central sulfur. This behavior has been reported for Y6 '*!'?
and is observed in all Y6-EG-R,-based derivatives.

Conversely, the Y6-EG,,,-R,-based systems exhibit a slightly different behavior, with
charge transfer (CT) processes primarily centered around the side CN groups rather than the
central sulfur. This distinction could significantly impact charge transport, especially when
considering the various stacking configurations of Y6 '3%136,

Heterogeneous structures exhibit asymmetrical reactivity, particularly noticeable for f
", with the dominance of EG,-R,. This feature could hinder some charge transfer (CT)
processes by reducing the effective spatial alignment between the donor and acceptor domains

in the device's active layer.
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Finally, MEP shows a weak dependence with the distinct EGs. Heterogeneous
structures present slightly asymmetrical charge distribution, which could affect NFA

crystallization and lead to different molecular packing compared to literature reports '*>'%7,

3.4.4 Evaluation of melanin-inspired oligomeric structures: MIO,, and MIO,,

The MIO,, and MIQO,, oligomers investigated in this work are based on

7 as bio-derived

melanin-inspired structures originally developed by Selvaraju et al.
semiconducting materials. These molecules, synthesized from the renewable compound
vanillin, feature m-conjugated backbones with alkynyl linkers that enhance molecular
planarity and charge transport **. Polymerization of the eumelanin-inspired core resulted in a
material with a maximum absorption at 526 nm in thin films, with high absorption in the
visible range. This indicates a strong potential for light harvesting, enhancing their
applicability in photovoltaic devices. Figure 3.12 illustrates the H-L orbital overlap and
exciton binding energies of these melanin-inspired compounds in comparison with widely
used polymeric donors, including MEH-PPV, P3HT, PM6, and DI18. This comparison
provides valuable insights into the optoelectronic viability of MIO,, and MIQOy, as alternative

donor materials, particularly considering their bio-based origin, synthetic accessibility, and

structural features that support efficient exciton separation and charge mobility.

Figure 3.12 - H-L spatial overlap and exciton binding energies of MIO,, and MIOy, in
comparison with oligomeric structures of typical electron donors.
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As shown in Figure B12 (Appendix B), the HOMO of these compounds are evenly
distributed across the entire structure, while the LUMOs are mainly concentrated at the center
of the oligomeric chains. As the main chain length increases, a reduction in H-L overlap is
observed, especially in the MIQOy, structures. Despite this feature, as shown in Figure 3.12, the
H-L overlap remains significantly higher for these structures in comparison to those of typical
donors, indicating an efficient optical response of these melanin-based systems. Furthermore,
it is still worth mentioning that the exciton binding energies are comparable to those of
standard donor materials.

Figure 3.13 shows CAFI and MEP color maps estimated for MIO monomers, utilizing
the same definitions outlined for Figure 3.3. Results associated with more extended

oligomeric structures are presented in Figure B13 (Appendix B), showing similar behaviors.

Figure 3.13 - CAFIs estimated for monomeric units of MIO9al and MIO%
r
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For both cases, high reactivity is noticed on the C=C groups, these bonds facilitate
conjugation and delocalization, while reinforcing molecular rigidity and planarity, that are
essential for efficient charge transport in organic materials **. The molecular electrostatic
potential exhibits high electronic density at the carbon-carbon triple bond and oxygen atoms.
Similar trends are observed for larger oligomers, although the reactivity shifts towards the

terminal units (see Figure B13 in Appendix B for details).

3.4.5 Estimation of performance parameters

Figure 3.14 presents the donor-acceptor map (DAM) for all the structures evaluated in
the previous sections, alongside typical fullerene-based acceptors and polymeric donors. The
gray circles represent the set of DHICA-modified EGs, while open circles indicate the various

(isolated) EG,,-R, and EG-R, groups. Y6, is marked by an orange star, representing the


https://www.zotero.org/google-docs/?GsgESv
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central structure of Y6 as described by Lu et al. '®°. Typical polymeric donors are shown as
magenta upward triangles, which can be compared with the MIO,, and MIO,, (represented by
red and blue filled circles). Fullerene-based acceptors are indicated by dark yellow downward
triangles, while black, light green, and dark green filled circles represent different Y6-based
NFA compounds (further details can be found in Figure B14 in the Appendix B). In DAM,

low Ry, values indicate a good donor, while high R, are associated with good acceptors.

Figure 3.14 - Donor-acceptor map (DAM) of all the structures.
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Note that isolated DHICA and its variations can be characterized as good electron
donors and bad acceptors. MIO,,, MIOy, and Y6, are good electron donors, being situated
around typical electron donors (where P3HT > MEH-PPV > D18 > PM6 in terms of electron
donation indexes, see Figure B15 for details). The substitution/addition of R, groups induces
the similar effects on EG,,, and EG, improving the acceptance ability of these structures,
according to the following sequence: (OH), < (OH), < H < F, <F, < Cl, < Cl,. The overall
influence sequence: (OH), < H, < F, < Cl, on the acceptance abilities of the compounds is
also noticed for the proposed NFAs.

All the proposed Y6-EG,,,-R,, Y6-EG-R, and EG,,,-Y6-EG-R, present higher R, in
relation to their isolated building blocks (Y6, and EGs), being located on the right top of the
DAM. Note that such NFAs present higher electron acceptance power in relation to typical
fullerene-based acceptors. In particular, among the entire set of molecules, EG,,.,-Y6-EG-Cl,
and Y6-EG,,-Cl, emerge as the most effective acceptors (see Fig. B14).

Figures 3.14 and B16 reveal linear trends for donors (typical systems and MIQOy,q,)

and acceptors (fullerene- and Y6-based ones), with similar slopes (o = 1.19 and 1.12) but
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different intercepts, indicating quasi-parallel behavior (see Fig. B16 for details). This suggests
that as acceptor strength increases, donor capacity decreases at a consistent rate, with an
average slope a* = 1.155. A similar behavior has been identified by our group for other
systems '*® which defines a criterion for efficient D:A pairs: lines connecting the points (R,*,
Rp*) and (R,°, Rp) in DAM should present slopes greater than 1.16, as shown in Figure B16.

To estimate the applicability of eumelanin-inspired structures in optoelectronic
devices, comparative analysis regarding the relative alignment of the FMOs were performed
considering typical electron donors and acceptors. Figure 3.15 shows the HOMO and LUMO
levels of the compounds (experimental data were considered for P3HT* '* due to saturation

problems).

Figure 3.15 - Relative alignment of the FMOs for: typical donors, MIOs, Y6-based NFAs
(with EG,¢-R, and EG-R,, variations), and typical fullerene-based acceptors.
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Note that Y6-based compounds present appropriate LUMO level alignments with
most of the polymer-based donors (including MIO,, and MIOy,) for electron acceptance.
However, some drawbacks are noticed in relation to the HOMO.

In general, efficient BHJOSCs are supposed to present high Vo (maximum voltage
that can be provided by a photovoltaic device under certain conditions of radiation and
temperature), which are associated with high AE;p; . values '“**!. However, an appropriate

balance between AEyp, , and other parameters, such as E,,,, AEy; and AE;; (see Figure B1) is

gap»
necessary to facilitate the excitons dissociation (and avoid their recombination) while still
maintaining an appreciable V. In particular, AE,; and AE;; values higher than Ey (e.g. 0.3

eV) are desirable. In addition, effective alignments between electrodes work functions (W,n.qc
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and W m.q.) and D and A FMOs are expected to achieve effective charge transfers (€.g2. W,ode
> HOMOp and Wepeqe < LUMO,) P44 (see Figure Bl for a better visualization of
parameters relevance).

To help the analysis of systems’ performance AE;;, AEyy and V. parameters were
estimated for distinct D:A combinations, as presented in Figures 3.16-3.17. The red dashed
line represents the typical exciton binding energy value (0.3 eV), which sets a threshold for
non-operational devices. Systems below this line exhibit undesirable negative AE;; and AEyy
values. The green and bright green dashed lines correspond to the values for PM6:Y6 and
D18:Y6, respectively, D:A pairs with the high PCE %%:!1:106.108.136
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Figure 3.16 - Analyses of AE;; and AE,;;; performance parameters for homogeneous
asymmetric Y6-based systems, Y6-EG,,-R, (a) and Y6-EG-R, (b), as well as heterogeneous

asymmetric ones (¢ and d) by considering distinct donors.
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Figure 3.16a highlights the inability of the P3HT:Y6-EG,,-(OH), and
P3HT:Y6-EG-(OH), pairs in enabling efficient photovoltaic performances. Figure 3.16b
indicates that several combinations, specifically those under the dashed red line, are
non-functional. This includes most of the Y6-EG,-R,, MIO,, MIO,, and D18-based
systems. For the Y6-based heterogeneous systems (Figure 3.16c), inappropriate AE,; values
are observed for P3HT:EG,,.-Y6-EG-(OH),. Furthermore, many MIQOy,-based systems, except
for those with R, = F, and Cl,, show poor AE; values (Figure 3.16d).

Figure 3.17 presents the Vi values, estimated from Eq. 3.5. Only systems with AEyy
and AE,, greater than 0.3 eV were considered. The V. values estimated for MIO,, and
(MIOy,) are graphically indistinguishable, given their very close HOMO values, as well as
those of MIO,, and D18.
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Figure 3.17 - Comparative analyses of V of the eumelanin-base compounds as donors, Y6
EGmel and Y6 SG in relation to the fullerene compounds and donors typically employed in

OSCs.
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In terms of Vg, the best result among the proposed Y6-EG,,-R,-based NFAs was
obtained for (MIOy,)s:Y6-EG,-H, followed by MIOy:Y6-EG,,-H. For Y6-EG-R, based
structures, higher values are obtained for (MIOy,)s:Y6-EG-(OH), followed by
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MIO,,:Y6-EG-(OH),. Regarding heterogeneous NFAs, it is observed the following order
(MIOy,)s:EGy,- Y6-EG-(OH), > MIOy,:EG,,,-Y6-EG-(OH), > D18:EG,,- Y6-EG-F,.

It is worth noting that MIOg,-based compounds present promising performances as
electron donors. The results obtained for eumelanin-based acceptors, indicate the need for
systems with larger electronic gaps, and reduced AE;; to improve the V. values (detailed
data are presented in Tables B4 and B5 in Appendix B). It is also interesting to note the good
overall performance of typical high efficient D:A pairs (PM6:Y6-EG-F, and D18:Y6-EG-F,)
for all the combinations of parameters.

Still regarding the performance of the systems, the internal reorganization energies (A)
of the structures were evaluated. Such parameters represent the energy required for geometric
relaxation due to charge transfer processes and is inversely proportional to the mobility of

145, Such descriptors can also indicate the dominant charge transport

charge carriers
mechanism within the systems: typically A, < A, in donor materials, where greater hole
mobility is expected, while A, > A, is observed for acceptors. Figure 3.18 presents the

estimated electron (A,) and hole (A,) reorganization energies for each compound.

Figure 3.18 - Reorganization energy of: (a) Typical donors, compounds MIO,, and MIO,,
and typical acceptors and (b) Y6 structures with EG,,, and EG variations.
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Note that most polymeric donors present reorganization energies smaller than 0.4 eV,
except P3HT (which is compatible with values reported in the literature '2%'*). Even though
donors are supposed to present A, < A., an opposite effect is noticed for MIOy,, however with
very close values. The reorganization energy tends to decrease as the oligomer size increases
(see Figure B17a in Appendix B).

Low reorganization energies are observed for most of the proposed NFAs (< 0.25 eV),

with higher values for R, = (OH), in both structures. The high A, value of Y6-EG,,,-(OH),
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stands out from the others, being a clear outlier, so more in-depth studies are needed to find
out the cause. In general, most Y6-based NFAs present A, < A,, except Y6-EG,,,~(OH),,
Y6-EG,-(OH),, Y6-EG,,,-Cl, and Y6-EG-(OH),.

Finally, aiming to estimate the overall efficiency of sunlight absorption of the systems,
a theoretical sun absorption yield parameter was estimated by the superposition of sun
irradiance (direct+circumsolar solar irradiation '/, Figure B18 in Appendix B) and gaussian
convoluted theoretical optical absorption spectra of the molecules (Eq. 3.5). Figure 3.19

illustrates the results of typical donors, acceptors, MIOs, and proposed NFAs.


https://www.zotero.org/google-docs/?G2jIsm

Figure 3.19 - Solar absorption yield estimated for: (a) typical donors, fullerene-based
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acceptors and MIOs; (b) homogeneous Y6-EG,,.-R, and Y6-EG-R, NFAs; (c) heterogeneous

EG,-Y6-EG-R, NFAs.
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Strong sun irradiation is commonly observed from 435 up to 790 nm with the

maximum around 536 nm ¥

. Within this range, however, some irradiation gaps are observed
due to atmosphere absorption/reflection, leading to absorption yield decrease in some
compounds. For donors, the highest yields are noted for (PM6),, followed by
(MIOg,)s/(MIOy,)s, (D18)s and (MEH-PPV),,. For homogeneous symmetric NFAs it is noticed
the following decreasing order: Y6-EG,.-F, > Y6-EG-F, > Y6-EG-Cl, > Y6-EG,,-F, >
Y6-EG,-Cl, > Y6-EG,,-H > Y6-EG-(OH), > Y6-EG-H > Y6-EG-F, > Y6-EG-Cl, >
Y6-EG,,-Cl; > Y6-EG,,-(OH), > Y6-EG-(OH),; > Y6-EG,,-(OH),. Regarding
heterogeneous asymmetric compounds EG,-Y6-EG-F, has the best absorption yield
followed by EG,-Y6-EG-H, EG,-Y6-EG-Cl,, EG,-Y6..+-EG-F;, EG,-Y6-EG-(OH),,
EG,.-Y6-EG-Cl, and EG,-Y6-EG-(OH),. Generally, heterogeneous structures present
higher absorption yields than the homogeneous ones.

It is also important to highlight that, despite their broad spectral absorption, the
absolute absorption yields of the Y6-EG,,,-R, structures are one order of magnitude lower
than those of the donor compounds, typically around 14 eV-s"'-molecule™ (similarly to the
other NFAs, including Y6), compared to 45-55 eV-s'-molecule’ for donor materials such as
PM6 and MIOy,,.

Given the complementary absorption spectra of Y6-based compounds (see Fig. 3.7)
additional performance analyses were conducted for clusters based on dimeric homogeneous
systems. Significant improvements were observed for Y6-EG Y6-EG,,-H and Y6-EG
Y6-EG,,-Cl, clusters, suggesting that a blend of melanin and non-melanin-based NFAs can
lead to good optical performances (see Figure B20 in Appendix B for details).

In summary, our results demonstrate the potential of Y6-EG,.,-R, and Y6-EG-R, as
electron acceptors in OSC, particularly with specific EGs. DAM maps showed improvements
in Y6-EG,,,-Cl; and EG,-Y6-EG-Cl, structures compared to the conventional Y6-EG-F,
structure. On average, Y6-EG,,, exhibited a higher HOMO and LUMO overlap than Y6-EG,
resulting in lower exciton binding energies. For reactivity, Y6-EG,,; does not differ strongly
from Y6-EG; however, heterogeneous structures exhibit an asymmetrical reactivity,
particularly in relation to f ~. Y6-EG,-F, and EG,-Y6-EG-F, showed the highest solar
irradiation absorption efficiencies among the homogeneous compounds. All the Y6-based
structures present low relative reorganization energies, which is a desirable feature. In terms
of V¢, the best results were obtained for (MIQOy,),, based pairs (for m = 1 or 6), in particular
(MIOg)n:Y6-EG,,o-H, (MIOg,),,:Y6-EG-(OH),;, (MIOy),:EG,-Y6-EG-(OH),, indicating

MIOy,-based systems as promising D materials for the proposed NFAs. It is important to
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highlight that, while Y6-EG,,.-R, derivatives show great potential as NFAs, the identification

of more compatible donor materials remains essential for optimizing their performance.

3.5 Conclusions

This study presented a comprehensive theoretical investigation into the modification
of Y6-based NFAs by: (i) functionalized melanin-based end groups (EG,-R,) and (ii)
modified traditional end groups (EG-R,) for potential applications in organic solar cells. The
applicability of melanin-based donors, MIOy, and MIO,,, were also investigated.

Modification of a DHICA into the EG,-(OH), evidence the tuning of the frontier
energy levels, electronic gaps, and optical absorption spectra, leading to properties that are
similar to traditional EGs.

Isolated modified EG,, and typical EGs showed similar electronic behaviors,
especially regarding the addition of several functional groups (e.g., H, OH, F, Cl), which
affected key properties such as electron donation and acceptance. Notably, OH substitutions
enhanced electron donation, while F and Cl favored electron acceptance. These modifications
significantly influenced performance parameters, including the energy gaps and exciton
binding energies.

Among the Y6-derived structures, Y6-EG,,, (both homogeneous and heterogeneous)
exhibited promising performance as acceptors, with functional groups playing a critical role in
optimizing electronic properties and performance. The incorporation of halogens improved
the electron acceptance power, reduced the electronic gaps (bathochromic effects on optical
absorption), and increased the AE;; and AEyy parameters. Hydroxyl groups induced opposite
effects, which are sensitive to the number of ligands (more intense effects for larger n). Some
hydroxyl modifications (OH), were detrimental to device performance, leading to a number of
non-functional donor-acceptor pairs.

It has been shown the potential of MIO-based systems to act as electron donors in
such NFAs-based OSCs (MIOy, consistently outperformed MIO,,), presenting high predicted
Voc, good FMOs energy levels alignments, and reduced reorganization energies. However,
further optimization of donors is needed to fully complement melanin-based acceptors.

In summary, this study underscores the versatility of melanin-derived structures in
organic solar cell applications, offering a foundation for tuning electronic and optical
properties through strategic functional group modifications. The results highlight the

promising potential of melanin-based materials in advancing sustainable energy technologies.
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APPENDIX B — DFT-Guided Design of Melanin-Inspired Materials for

High-Performance Organic Solar Cells

B1. Theoretical parameters relevant to the BHJOSCs performance
To establish a foundational understanding of the electronic features that govern the
performance of bulk-heterojunction organic solar cells (BHJOSCs), it is necessary to evaluate
the alignment of frontier molecular orbitals (FMOs) for donor and acceptor compounds, as
well as the work function of the electrodes. These parameters are critical for predicting charge
transfer efficiency, exciton dissociation potential, and energy level compatibility between

materials. The key parameters are illustrated in Figure B1.

Figure B1 - FMOs alignments and relevant parameters associated with the performance of

BHJOSCs.
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Source: Author.

AE;; (AEy) represents the energy difference between the LUMO (HOMO) levels of
the donor and acceptor materials, which indicates the likelihood of exciton dissociation
(recombination). AE,,, refers to the electronic gap of the donor material, associated with its
optical absorption capability and exciton binding energy (E,,, = E, + Ex). AEyp; o denotes the
energy difference between the LUMO of the acceptor and the HOMO of the donor, which is
proportional to the open-circuit voltage (Voc) of the system. Finally, AE,np and AE, ca
describe the energy offset between the donor's HOMO and the anode work function, and
between the acceptor's LUMO and the cathode work function, respectively.

Voc 1s the maximum voltage a photovoltaic device can deliver to a load under specific
radiation and temperature conditions. In bulk heterojunction organic solar cells (BHJ-OSCs),

it can be estimated using the expression e.Voe = (AEupa) — 0.3, where 0.3 eV typically
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corresponds to the exciton binding energy in organic materials, indicating that a higher

AE;p1 4 leads to a higher V¢ value .
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B2. Opto-electronic properties of oligomeric donor systems and traditional
fullerene-based acceptors
Table B1 summarizes opto-electronic properties of oligomeric donor systems and
traditional fullerene-based acceptors. As can be seen the theoretical results present a
reasonable agreement with the literature '"'**'>3, Greater deviations were observed for P3HT

values resulting in larger electronic gaps and exciton dissociation energies '¥!3+157,

Table B1 - Summary of opto-electronic properties of compounds.
Compound Enomo (€V) Epymo (€V)  Eg, (€V) Ep (€V) Ex(eV)

(MEH-PPV),,  -4.447 -2.068 2.379 2.043 0.336
(P3HT),, -5.523 -1.953 3.570 3.059 0.511
(D18); -5.369 2.551 2.818 2.443 0.375
(PM6), -5.161 -2.953 2.208 1.859 0.349
MIO,, -5.360 2.160 3.190 2.940 0.250
(MIO,,), -5.130 2.656 2.474 2.135 0.338
MIO,, -5.080 -1.920 3.170 2.900 0.270
(MIOyy), -5.087 2.634 2.453 2.129 0.324
ICBA -5.746 -3.324 2.422 1.783 0.640
PCBM -6.047 -3.502 2.544 1.912 0.632

Source: Author.
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B3. Theoretical optical absorption spectra of typical donors, acceptors and Y6
clusters

To pre-estimate the potential impact of these end groups (EGs) on the optical

properties of NFAs, the theoretical optical absorption spectra of the isolated groups were

evaluated, as shown in Figure B2.

Figure B2 - Theoretical optical absorption spectra of melanin-based compounds DHICA and
intermediate structures to EG,-CA.
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Source: Author.

Significant changes on the optical absorption spectra (compared to DHICA) are
noticed due to the chemical modifications. Additional low-intensity peaks appear at higher
wavelengths, which can be attributed to a reduction in the bandgap (Figure 3.4). Notably, the
optical response of the derivatives DHI-2,3(CH), DHI-2CH,-3C(CH;),, EG,,,-(OH), and
EG,.-Diol is particularly interesting, as they exhibit increased absorbance in the visible
region, albeit with lower intensity.

Figure B3 illustrates the theoretical optical absorption spectra estimated for EG,,-R,

and EG-R,, structures (normalized in relation to derivatives with R = H).



Figure B3 - Theoretical optical absorption spectra estimated for eumelanin-inspired

(EGpe-R,) and traditional (EG-R,) EGs.
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Melanin-inspired compounds exhibit a significant optical response in the visible

range, with absorption peaks around 375 and 500 nm, which are absent in traditional EGs.
Notably, the peak around 500 nm persists even when R = H. Bathochromic shifts are observed
for this peak due to (OH), and Cl, insertion, while hypsochromic shifts occur for F,. The
presence of additional halogens enhances the peak's intensity, whereas (OH), reduces it.

Strong absorption around 400 nm is noted for EG,,,-(OH),, EG,,.-Cl,, and EG-(OH),.

Figure B4 shows the theoretical optical absorption spectra of the Y6 cluster formed by

two Y6 with EG,,,-R, and EG-R,, type with the same quantity and type of functional groups
(R,) like H, OH, F and CI.
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Figure B4 - Theoretical optical absorption spectra of Y6 clusters.
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The cluster systems with (OH), exhibit a red shift when compared to Y6-EG-H
Y6-EG,-H while the system with halogens exhibit a blue-shift. The Y6-EG-(OH),
Y6-EG,,,-(OH), and Y6-EG-Cl, Y6-EG,,.-Cl, display new large peaks, close to 725 and 765
nm respectively. In summary the results suggest that the cluster systems present an effective
absorption range between 695 and 765 nm.

Figure B5 shows the optical absorption spectra of the typical donors and acceptors.

Figure BS - Theoretical optical absorption spectra of (a) typical donor polymers and (b)
fullerene-based acceptors.
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Typical donors present optical absorption from 475 up to 675 nm, while PCBM
presents a very weak peak around 650 nm. The ICBA does not show absorption in this range.
The intensity of absorbance was normalized by the higher peak of each figure showing the

strongest absorbance from the PM6 and the weaker from the P3HT.
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Figure B6 shows the optical absorption spectra of the eumelanin-based oligomeric
structures MIO,, and MIOy,, as well as its evolution with the main chain increase. All the

spectra were normalized in relation to the more intense peak, obtained for (MIOy,)s.

Figure B6 - Theoretical optical absorption spectra of (a) eumelanin-based polymer proposed
by Selvaraju et al. ’
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Notably, the MIO,, and MIOy, compounds exhibit strong absorption in the visible and
near infrared range ’, complementing non-fullerene acceptors; chain elongation results in a

red shift and enhances their effective light absorption into the visible range.


https://www.zotero.org/google-docs/?0KjH8g
https://www.zotero.org/google-docs/?MOjbn3
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B4. Spatial overlap and distribution of Kohn-Sham frontier molecular orbitals

Figure B7 summarizes the spatial distributions of the FMOs for EG,,-R, and EG-R,,.

Figure B7 - Spatial distribution of the FMOs for EG,,,-R, and EG-R,, (isovalues of 70%).
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Note that both, HOMO and LUMO spatial distributions of EG,-R,, remain largely
unaffected by chemical modifications. In contrast, EG-R, exhibits noticeable sensitivity in
HOMO symmetry upon the insertion of hydroxyls, halogens, and variations in the number of
substituents. While the LUMO distributions of EG,,-R, and EG-R, are generally similar,
significant differences arise in their HOMO structures. Notably, the C*-C(CN), unit plays a
crucial role in the composition of the FMOs for all the systems.

Figures B8 and B9 summarize the FMOs spatial distributions of Y6-EG,-R,,
Y 6-EG-R, homogeneous structures and EG,,.-Y6-EG-R, heterogeneous ones.
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Figure B8 - Spatial distribution of the FMOs of Y6-EG,,-R, systems.
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Source: Author.
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Figure B9 - Spatial distribution of the FMOs of Y6-EG-R,, systems.
Y6-EG-H

Y6-EG-(OH), Y6-EG-Cl,

Source: Author.

Homogeneous symmetric Y6-EG,,-R, and Y6-EG-R, structures (Figures S8 and S9
respectively) present an uniform spatial distribution of the FMOs on the Y6, with the
LUMO primarily situated on the EGs. It is noticed the influence of hydroxyls on the HOMO
composition, shifting this orbital to carbons 5, 7, and 9. Small, similar effects are noticed for
R, = F, and Cl,. The strong orbital overlap reduces the exciton binding energy and enhances
charge mobility by promoting greater delocalization of the frontier molecular orbitals along
the acceptor structure.

Tables B2 and B3 present the spatial HOMO-LUMO overlap of homogeneous and

heterogeneous Y 6-based structures.
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Table B2 - Spatial H-L overlap rate of Y6-based homogeneous structures.

Compound Spatial overlap matrix

D (%)
Y6-EG,,-H 71.58
Y6-EG,,,-(OH), 73.76
Y6-EG,,,-(OH), 72.16
Y6-EG,,.-F, 70.76
Y6-EG,.-F, 69.91
Y6-EG,,-Cl, 70.20
Y6-EG,,,-Cl, 69.08
Y6-EG-H 67.29
Y6-EG-(OH), 67.07
Y6-EG-(OH), 67.42
Y6-EG-F, 67.06
Y6-EG-F, 65.95
Y6-EG-Cl, 66.76
Y6-EG-Cl, 65.12

Source: Author.

Table B3 - Spatial H-L overlap rate of Y6-based heterogeneous structures and clusters.

Spatial overlap matrix

Compound Qillj1) (%)
EG. -Y6-EG-H 68.04
EG...-Y6-EG-(OH), 67.00
EG,.-Y6-EG-(OH), 68.35
EG..-Y6-EG-F, 67.97
EG. -Y6-EG-F, 68.76
EG. -Y6-EG-CL, 6831
EG..-Y6-EG-Cl, 68.62
Y6-EG-H Y6-EG._ H 17.22
Y6-EG-(OH), Y6-EG,-(OH), 24.89
Y6-EG-(OH), Y6-EG,,.-(OH), 11.77
Y6-EG-F, Y6-EG, .-F, 15.80
Y6-EG-F, Y6-EG,...F, 18.44
Y6-EG-Cl, Y6-EG,.-Cl, 28.72
Y6-EG-Cl, Y6-EG,.-Cl, 2425

Source: Author.
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Tables B2 and B3 mainly show that the average H-L overlap of Y6-EG,-R, >
EG,.-Y6-EG-R, > Y6-EG-R, > Y6 clusters. The smallest overlap was obtained for
Y 6-EG-Cl,, with 65.12 %, which is still an appreciable overlap.

Figure B10 shows the H-L spatial overlap (green columns) and the Exciton binding
energy (yellow columns), Figure B11 shows the Spatial distribution of Kohn-Sham frontier

molecular orbitals of the Y6 cluster. The orbitals of Y6-EG,,,-R,, are shown in blue and those

of Y6-EG-R,, in red.

Figure B10 - H-L spatial overlap of the Y6-EG, Y6-EG,,-R, Cluster.
0.3

= —IEXL ) 4 2
%025+ g
g 0.4
g =
o 0.2 =
= 5
5 -0.38 =
: E
50.15— 5
5 -0.36 X
(=W

0.1+ :

Source: Author.

Figure B10 shows that the clusters had an H-L overlap smaller than 30% and exciton

binding energies of up to ~0.41 eV.
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Figure B11 - Spatial FMOs distribution of the Y6-EG Y6-EG,,-R Cluster.
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Source: Author.

Note that the HOMO is mainly centered over Y6-EG,.-R,, while the LUMO is
located over Y6-EG-R,, preferably at the stacked region. FMO spatial distributions are similar
for the distinct functional groups.

Figure B12 shows the spatial distribution of FMOs obtained for oligomeric structures

of MIO,, and MIOy,.
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Figure B12 - Spatial distribution of the compound MIO,, and MIQOy,,.
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As shown in Figure B12, the HOMO of these compounds are evenly distributed across
the entire structure, while the LUMOs are mainly concentrated at the center of the oligomeric

chains. As the main chain length increases, a reduction in H-L overlap is observed, especially

in the MIO,, structures.
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BS. Condensed to atom Fukui indexes and MEP: extended MIOs

To gain further insight into the electronic reactivity of the studied materials,
condensed-to-atom Fukui indexes (CAFIs) and molecular electrostatic potential (MEP) maps
were computed for both monomeric and oligomeric structures of MIOy, and MIO,,. These
descriptors are valuable for identifying regions prone to electrophilic or nucleophilic attack, as
well as for visualizing charge distribution across the molecule. The results are presented in
Figure B13, where both CAFI and MEP values are displayed using RGB color scales: for the
CAFI maps, red indicates regions of higher chemical reactivity and blue corresponds to lower
reactivity; in the MEP maps, red denotes areas of higher electronegativity (electron-rich
regions), while blue highlights zones of lower electronegativity.

For all cases, high reactivity is noticed on the C=C groups, these bonds facilitate
conjugation and delocalization, while reinforcing molecular rigidity and planarity, that are
essential for efficient charge transport in organic materials **. The molecular electrostatic
potential exhibits high electronic density at the carbon-carbon triple bond and oxygen atoms.
Similar trends are observed for larger oligomers, although the reactivity shifts towards the

terminal units.


https://www.zotero.org/google-docs/?Vyf1tP

Figure B13 - CAFIs estimated for extended structures of MIO,, and MIOy,.
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B6. Donation-acceptance indexes
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Figures B14-B16 shows the donor-acceptor indexes for: (i) DHICA and variations up

to EG,,-CA; (ii) isolated EG,, and EG with their variations; (ii1) Y6-based systems with

EG,.., EG and their variations; (iv) typical OSC acceptors and donors; and MIOs and (v) the

angular coefficients associated with donors and acceptors.

Figure B14 - Donor-acceptor map for: (a) DHICA and intermediate structures up to
EG,-CA, (b) EG,, and EG with their variations, and (c) Y6-based systems.
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Figure B15 - Donor-acceptor maps for MIOs and typical acceptors/donors employed in

OSCs.
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Figure B16 - Donor-acceptor maps for acceptors, donors and its angular coefficient.
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The evaluation of Figure B16 (and Figure 3.14 in the main text) reveals notable linear
trends. Specifically, when analyzing only the Typical donor and MIQy,,, materials as donors,
alongside Typical fullerene-based and all Y6-based materials as acceptors, one can observe
linear fits for both donor (D) and acceptor (A) sets. These fits exhibit similar slopes (a),
indicating nearly parallel behavior, although they differ in their y-intercepts. This suggests
that enhancements in the electron-accepting characteristics of these materials are
accompanied by proportional reductions in their electron-donating ability, with the average
slope a* defined as Y2(a, + ap) = Y%(1.19 + 1.12) = 1.155. The quasi-parallel nature of the
Rp(R,) curves for donors and acceptors establishes a meaningful criterion for identifying
efficient donor—acceptor (D:A) combinations. In such cases, the line connecting the points
PAR,%, Rp*) and PP(R,P, Ry°) of a D:A material pair (DAM) should exhibit a slope
(ARp/AR,) greater than o*.
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B7. Organic solar cell’s efficiency parameters
To evaluate the potential efficiency of the proposed donor—acceptor pairs in organic
solar cells (OSCs), we calculated key parameters that influence device performance: the
energy offsets for hole and electron transfer (AEy; and AE,;, respectively), and the
open-circuit voltage (Vo). These values provide a theoretical basis for predicting charge
separation efficiency and overall photovoltaic potential. The results, shown in Tables B4 and
B5, include various combinations of MIO-based donors and functionalized Y6 acceptors,

covering both symmetric and asymmetric systems with EG and EGmel terminal groups.

Table B4 - Y6-EG,,-R, and Y6-EG-R, efficiency parameters.

Donor Acceptor AEqyy (V) AE;; (eV) Voc (eV)
(MIOgy,)s Y6-EG-(OH), 0.305 0.629 1.524
MIOy, Y6-EG-(OH), 0.307 1.345 1.521
D18 Y6-EG-H 0.330 1.088 1.431
MIO,, Y6-EG-H 0.342 1.475 1.419
PM6 Y6-EG-(OH), 0.401 0.535 1.372
(MIOg,)s Y6-EG-(OH), 0.433 0.832 1.341
(MIQOgy)s Y 6-EG-(OH), 0.475 0.855 1.298
MIOQy, Y6-EG-(OH), 0.478 1.571 1.296
D18 Y6-EG-F, 0.474 1.260 1.258
MIO,, Y6-EG-F, 0.486 1.648 1.246
(MIOg,)s Y6-EG,,,-H 0.312 0.924 1.229
MIOy, Y6-EG,,-H 0.315 1.640 1.226
PM6 Y6-EG-H 0.538 0.685 1.223
P3HT Y6-EG-(OH), 0.562 0.389 1.211
D18 Y6-EG-Cl, 0.523 1.325 1.193
(MIQy,)s Y6-EG-H 0.570 0.982 1.191
D18 Y6-EG-F, 0.539 1.334 1.185

D18 Y6-EG-Cl, 0.509 1.336 1.183




Table B4 - Y6-EG,,-R, and Y6-EG-R, efficiency parameters (Continued).
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Donor Acceptor AEyy (V)  AE;, (eV) Voc (V)
MIO,, Y6-EG-Cl, 0.535 1.713 1.182
MIOQy, Y6-EG-F, 0.551 1.721 1.173
MIO,, Y6-EG-Cl, 0.5216 1.723 1.171
(MIQOgy)s Y6-EG-H 0.612 1.005 1.149
MIOQy, Y6-EG-H 0.615 1.721 1.146
P3HT Y6-EG,,-H 0.399 0.458 1.142
PM6 Y6-EG,,.-F, 0.413 0.789 1.119
(MIOg,)s Y6-EG,,-F, 0.445 1.086 1.087
P3HT Y6-EG-H 0.699 0.538 1.062
PM6 Y6-EG-F, 0.682 0.858 1.050
(MIOg,)s Y6-EG,,-F, 0.487 1.108 1.045
PM6 Y6-EG,,,-Cl, 0.453 0.864 1.043
MIOQy, Y6-EG,-F, 0.490 1.824 1.042
(MIOg,)s Y6-EG-F, 0.714 1.155 1.019
(MIQy,)s Y6-EG,,-Cl, 0.484 1.162 1.012

Source: Author.



Table B5 - EG,,-Y6-EG-R, and Y6-EG Y6-EG,-R, efficiency parameters.
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Donor Acceptor AEyy (V)  AE;, (eV) Voc (V)
(MIQOgy)s EG,,.-Y6-EG-(OH), 0.342 0.846 1.307
MIQy, EG,-Y6-EG-(OH), 0.345 1.562 1.305
D18 EG,,-Y6-EG-F, 0.311 1.227 1.292
MIO,, EG,..-Y6-EG-F, 0.323 1.614 1.280
PM6 EG,-Y6-EG-H 0.347 0.643 1.264
(MIOg,)s EG,-Y6-EG-H 0.378 0.940 1.233
D18 EG,-Y6-EG-Cl, 0.351 1.294 1.224
P3HT EG,-Y6-EG-(OH), 0.429 0.380 1.220
MIO,, EG,,.-Y6-EG-Cl, 0.363 1.681 1.213
D18 EG,-Y6-EG-F, 0.378 1.325 1.193
(MIOg,)s EG,-Y6-EG-H 0.421 0.963 1.190
MIOy, EG,.-Y6-EG-H 0.423 1.679 1.188
MIOQy, EG,-Y6-EG-F, 0.389 1.713 1.182
D18 EG,,.-Y6-EG-Cl, 0.361 1.363 1.156
MIO,, EG,-Y6-EG-Cl, 0.373 1.751 1.144
P3HT EG,-Y6-EG-H 0.508 0.497 1.103
PM6 EG,,.,-Y6-EG-F, 0.519 0.824 1.083
(MIQy,)s EG,.-Y6-EG-F, 0.550 1.121 1.052
PM6 EG,-Y6-EG-Cl, 0.559 0.891 1.016
(MIQOgy)s EG,,.-Y6-EG-F, 0.593 1.144 1.009
MIOQy, EG,«-Y6-EG-F, 0.596 1.860 1.007

Source: Author.
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B8. Reorganization energy

To understand the charge transport characteristics of the proposed materials, we
evaluated the reorganization energies associated with hole (Al) and electron (A.) transfer
processes. These parameters are crucial for estimating the mobility and stability of charge
carriers in organic semiconductors. Figure B17a illustrates how increasing the chain length of
oligomeric MIO structures reduces their reorganization energies, with Al becoming smaller
than A. in some cases. Additionally, the impact of functional group substitutions on EG,,, and
EG structures is analyzed (Figure B17b), revealing that hydroxylation tends to increase both
Al and A.. Exciton binding energies were also calculated for these systems, offering further

insight into their potential for efficient exciton dissociation in OSC applications.

Figure B17 - Reorganizations and Exciton binding energy.
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Regarding the EG,,; and EG structures when hydrogen is replaced with hydroxyl and
halogens on carbons 4, 5, 6, and 7 it is possible to see the A, increasing, mainly for EG4-R,.
Replacing H with OH leads to a more significant increase in A, and A, compared to F or Cl,
with a particularly notable rise when four hydroxyl groups are present. A, remains smaller
than A, in most structures, except for EG,,-(OH),, suggesting that these smaller structures act
as better donors. The exciton binding energy does not follow a consistent trend; however,
most structures exhibit values around 0.3 eV, typical of organic compounds. Notably,
structures like EG,-(OH),, EG-H, EG-F,, EG-Cl,, EG-(OH),, EG-F,, and EG-Cl, have

exciton binding energies greater than 0.4 eV.
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B9. Sun absorption yield
Figure B18 shows the relationship between extraterrestrial radiation, direct radiation
(that has reached the Earth's surface itself, at sea level) and global radiation (which includes
both direct and diffuse radiation). This is due to the absorption that occurs when light passes
through the atmosphere '*’. Direct radiation has been used to determine the sun absorption
yield of all systems.

Figure B18 - Solar irradiation in different levels '*’.
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Even though it is not possible to use the terminal group units or their variations with
different functional groups directly as electron acceptors in OSCs, their solar absorption
yields were calculated to understand the influence of the modifications and variations.

The results, summarized in Figures B19 and B20, highlight the effects of structural
modifications on light absorption. Although the terminal units and their functionalized
variants are not suitable as standalone acceptors, their absorption profiles provide valuable

insights into how chemical substitutions influence optical performance.


https://www.zotero.org/google-docs/?ZaanmB
https://www.zotero.org/google-docs/?TQguMW
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Figure B19 - Sun absorption yield of DHICA and intermediate structures up to EG,,-CA.
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Figure B19 shows a decrease in DHICA absorption when CA is replaced with
2-methylene. However, absorption increases with the other additions. A comparison of

DHICA and EG,,-CA absorption, where the only difference is the nitrile group, reveals a big

decrease.
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Figure B20 - Sun absorption yields for EG,,.-R,, EG-R, and Y6 clusters with different
functional groups.
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Figure B20 displays the absorption yield of EG,,, and EG. It is evident that EG,,, has
a higher absorption rate than EG due to the presence of smaller peaks in the visible light

spectrum between 490 and 528 nm, where sun irradiation is stronger.
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CHAPTER IV - General Conclusions

This study confirms the potential of melanin-inspired compounds as sustainable and
versatile materials for organic electronics, with a focus on two critical application areas:
environmental monitoring and renewable energy. Computational analyses demonstrated that
these compounds are highly effective in detecting hazardous nitroaromatic compounds
(NAC:s), such as trinitrotoluene (TNT) and trinitrophenol (TNP). The adsorption of NACs
significantly modulates the electronic, optical, and vibrational properties of the melanin-based
materials. These interactions remain stable even under thermal stress, as supported by
Born—Oppenheimer molecular dynamics simulations, reinforcing their suitability for
chemiresistive and reversible electrochemical sensor platforms. The findings offer a
cost-effective and environmentally responsible alternative to conventional detection systems.

In the field of organic solar cells (OSCs), melanin building units emerge as promising
functional groups to be employed in non-fullerene acceptors. The simulations demonstrate
that, when integrated into Y6 core, these materials can enhance light absorption, facilitate
exciton dissociation, and improve charge transport. The functionalization of melanin
derivatives with electron-donating or electron-withdrawing groups, such as hydroxyl or
halogen substituents, enables fine-tuning of their electronic properties, leading to
improvements in both efficiency and operational stability of photovoltaic devices.

Taken together, this work offers a theoretical framework for understanding and
optimizing melanin-inspired compounds in two complementary sectors of organic electronics.
Their demonstrated dual functionality, as selective chemical sensors and as efficient
photovoltaic materials, highlights their versatility and underscores their relevance to
sustainable technological development. The results support the advancement of bio-inspired
approaches and encourage experimental validation toward the implementation of practical,

low-impact devices for environmental safety and renewable energy harvesting.
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