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Abstract

Eumelanins are a family of natural and synthetic pigments obtained by oxidative polymerization
of their natural precursors: 5,6 dihydroxyindole and its 2-carboxy derivative (DHICA). The
simultaneous presence of ionic and electronic charge carriers makes these pigments promising
materials for applications in bioelectronics. In this computational study we build a structural model
of DHICA melanin considering the interplay between its many degrees of freedom, then we
examine the electronic structure of representative oligomers. We find that a non-vanishing dipole
along the polymer chain sets this system apart from conventional polymer semiconductors,
determining its electronic structure, reactivity toward oxidation and localization of the charge
carriers. Our work sheds light on previously unnoticed features of DHICA melanin that not only
fit well with its radical scavenging and photoprotective properties, but open new perspectives
towards understanding and tuning charge transport in this class of materials.
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Melanins are a family of natural pigments ubiquitous in mammals and invertebrates. Amongst
them, eumelanin is the dark pigment present not only in human skin and hair, but also in eyes and
nigral neurons.! Due to its dual protonic and electronic conductivity’** and intrinsic
biocompatibility, eumelanin is currently being investigated as an active material in supercapacitors
for energy storage®, organic electrochemical field effect transistors (OECTs) for sensing or
diagnostics devices, such as cells/nerves stimulation and signal amplification.®!! Natural
eumelanin consists of amorphous aggregates obtained by oxidative polymerization of 5,6-
dihydroxyindole (DHI) and its 2-carboxylic acid derivative (DHICA), interacting via m-stacking
and hydrogen bonding (see Figure 1a). DHI exhibits self-coupling at position 2, 4 and 7; in
DHICA, only positions 4 and 7 are reactive. The structural ambiguity of natural eumelanin, which
contains both DHI and DHICA, is partly due to the range of possible binding motifs between the



two building blocks. The development of synthetic DHICA and DHI melanins!? has paved the way
towards a more systematic understanding of the structural, redox, optical and aggregation-
dependent properties of eumelanin. The lower structural disorder and better reproducibility make
these polymers ideal candidates for exploring the potential of eumelanin in bioelectronic
applications, either alone or as a component in hybrid scaffolds.!?

However, despite its promising characteristics, eumelanin-based devices are still in their infancy.
The lack of consensus regarding the molecular structure of both natural and synthetic eumelanin
has prevented the rational optimization of semiconducting interfaces based on this biopigment.
Moreover, several controversies regarding key properties of eumelanin are yet to be definitively
settled. The relative importance of ionic and electronic charge carriers, the influence of water on
conductivity and the activity of radical species are still subject of intense academic debate.!*
Several studies argue that the observed increase in conductivity of eumelanin is hydration
dependent, and therefore identify the primary charge carriers as protons.!> However, other studies
point at evidence of both electronic and protonic charge transport,* and a more recent work reports
the highest conductivity ever recorded in vacuum-annealed (anhydrous) melanin films.?

Modeling and simulations are therefore indispensable to tackle these issues and push the
boundaries of eumelanin bioelectronics. Previous theoretical investigations have focused on
reproducing the photophysical features of eumelanin by studying binding motifs between
monomers, and w-stacking of small oligomers.!®"!® Others studies have employed molecular
dynamics to reproduce the short range ordered structure of eumelanin amorphous aggregates,
focusing on porphyrin-like tetramers.!® Overall, the vast majority of literature has concentrated
mostly on planar oligomers of DHI, while DHICA melanin has only been studied marginally.?%-!
Remarkably, no studies have so far investigated charge transport on either system.

The charge transport mechanism of eumelanin is undoubtedly the area where a theoretical insight
is most needed to integrate state of the art experimental observations. If we treat eumelanin as a
member of the general class of polymer semiconductors, we can assume electron or hole transport
would involve the study of more or less extended charge carrier states which are in turn determined
by the local microstructure of the material, its mesoscopic properties, and its relative disorder.?>%3
However, eumelanin differs from the typical semiconducting polymer in several nontrivial ways,
which characterize its structural disorder. For instance, the hydroxyl units are responsible for the
presence of multiple oxidation states; its hydrogen bonds create a non-vanishing dipole across the
polymer chain, and the nonsymmetric nature of its monomers makes the corresponding polymers
not regioregular.

In the specific case of DHICA melanin, we have categorized the degrees of freedom that can be
sees as the origin of the structural disordered in the polymer:

- Tacticity/regiochemistry. For both DHI and DHICA, position 4 and 7 are not equivalent,
giving rise to different binding motifs illustrated in Figure 1b and denoted as 4,4’, 7,7" and
4,7'. Oligomers with different regiochemistry have been isolated?’* but the distribution of
tacticity in realistic materials and its effect on the electronic structure is not known.

- Conformational isomerism (atropoisomerism) and helicity. The rotation around the C-C’
bonds is hindered, thus different diastereoisomers are possible for the same chemical
connectivity, depending on the dihedral angles between indole units. Helicity, defined as
the collective orientation of all dihedrals between monomers, not only influences the
DHICA polymer shape but could also affect inter-chain interactions and aggregation.



- Hydrogen bond network. Non-bonded interactions, particularly inter- and intra-chain
hydrogen bonds and inter-chain n-stacking, might strongly affect the polymer structure. In
particular the —OH groups form a 1D chain of H-bond donor/acceptor (see Figure 1c)
which can, in principle, dictate the local conformation of the polymer.?!

- Oxidation state and redox disorder. DHICA oligomers tend to oxidize as the polymer
grows beyond ~10 repeating units?’, the main oxidized species being the quinone. The
distribution of quinone units within the polymer is not completely understood, but it is
estimated that one in 20 monomers is oxidized.?*?” Two main oxidation patterns are
possible: distributed and localized (see Figure 1d), with the latter being more stable
according to prior studies. The presence of oxidized groups gives DHICA melanin its
spectroscopic signature, being responsible for the broad absorption in the UV-Vis region.
The change in electronic structure upon oxidation is bound to affect the charge transport
properties, although this aspect has not been investigated so far.

In this work, we study DHICA oligomers to establish how the many degrees of freedom of this
system interact to determine the most stable structure, working our way from the highest
interconversion barriers to the lowest: tacticity, atropoisomerism, helicity, hydrogen bond
network. Once established the hierarchy of structural degrees of freedom, we turn our attention to
oxidized oligomers and the effects of oxidation on the electronic structure of DHICA melanin,
concluding with general considerations about the most likely charge transport mechanisms in this
material.
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Figure 1. a) Molecular structure and ring numbering of DHICA in the reduced indole (left) form and in the oxidized quinone form
(right). b) Different tacticity in DHICA melanin originating from 4,4' (left), 4,7' (center) and 7,7 (right) bonds. Rotation around
these single bonds is sterically hindered. ¢) Scheme of a DHICA tetramer highlighting the atropoisomerism, the hydrogen bonds
network and the direction of the oligomer dipole d) Localized (top) and distributed (bottom) oxidation pattern for quinones.
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Tacticity and conformational isomerism. As previously reported, all 4,4’, 4,7" and 7,7 DHICA
dimers have their lowest energy minimum at ~50° (see Supporting Information, Figure S1),
characterized by an inter-monomer hydrogen bond. The 4,7’ isomer is the most stable, followed
by 4,4" and 7,7 (higher in energy by 0.88 and 1.77 kcal/mol, respectively). Regardless of energy
differences, all three minima look similar and the curvature of their potential energy surface is
almost identical. Remarkably, the three most stable dimers have very similar dipole moments (5.7-
5.9 Debye), oriented along the polymer growth axis and largely due to the inter- and intramolecular
hydrogen bonds. These findings highlight the limited importance of tacticity in the conformational



landscape of DHICA melanin and, we argue, in determining its charge transport properties.
Therefore, for the remainder of this discussion we will focus on 4,7’ regioregular oligomers.

Helicity and hydrogen bond network. We considered two hypotheses regarding the collective
orientation of dihedrals in longer oligomers: they can be arranged in a zig-zag fashion, alternating
+50° dihedrals, or in a helix shape, all dihedrals having the same sign, as shown in Figure 2a. The
zig zag shaped oligomers are only slightly preferred to the helix shaped, by 0.28 (0.87) kcal/mol
for tetramers (octamers). As the difference between the two conformations is substantially smaller
than typical intramolecular interactions (i.e. hydrogen bonds), we can assume the final helicity
(defined as the sequence of dihedrals between monomers) will be likely determined by the local
environment, which lies outside the scope of this study.

Both zig-zag and helix oligomers are stabilized by an uninterrupted chain of hydrogen bonds in
same direction of the indole dipole, with hydroxyl groups pointing the opposite way with respect
to the nitrogen (see Figure 2a). The consequence of the hydrogen bond directionality is that the
individual dipoles of each monomer (2.9 Debye) are summed to give a strong, permanent dipole
in both helix and zig-zag conformations. (Figure 2b). The energy penalty to reverse the direction
of all hydrogen bonds is 2.97 (3.02) kcal/mol for a zig-zag (helix) tetramer. We also investigated
the penalty for the disruption of the hydrogen bond and dipole continuity by flipping half of the
C-C-O-H dihedrals in the opposite direction for tetramers. The energy penalty was found to be
10.3 (9.96) kcal/mol for the zig-zag (helix) conformation, and rather insensitive to the chain length
(see Figure S1 and Table S2). Interestingly, the energy difference between the zig-zag and helix
conformations is reduced to just 0.06 kcal/mol once the chain of hydrogen bonds is disrupted
(Figure S2 and Table S2). These observations denote that hydrogen bonds and torsional energies
are additive.

In summary, tacticity and helicity are predicted to have little effect on the electronic structure of
DHICA melanin, the most stable arrangement of dihedrals maximises the internal dipole by
forming an uninterrupted chain of hydrogen bonds. However, we must point out that the energy
cost to disrupt the dipoles could be easily circumvented via the formation of intermolecular
hydrogen bonds, a possibility we are not explicitly considering in this work.
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Figure 2. a) Optimized geometries of octamers in the zig-zag and helix conformations, with dotted lines highlighting the chain of
hydrogen bonds. b) Absolute magnitude of the dipole as a function of oligomer length N for a series of zig-zag and helix oligomers.
Points connected by solid lines indicate fully optimized geometries at wB97XD/6-31G* level, dashed lines identify wB97XD/6-
31G* single point calculations on longer oligomers obtained by rigid translation of shorter segments.

Oxidation to quinone. Once established the hierarchy of interactions dictating the conformational
space of DHICA oligomers, we studied the corresponding quinones, under the generally accepted
assumption that polymerization (at least in its initial phase) happens prior to oxidation.?> Helix and
zig-zag tetramers were oxidized to quinones; all possible oxidation patterns, both distributed and
localized, were explored (see Supporting Information, Figure S3). As expected, localized quinones
are energetically preferred by 1.4 (0.9) kcal/mol for zig-zag (helix) tetramers. Interestingly, there
is a strong effect of the internal dipole, which favors oxidation on the terminal (negative) monomer,



followed by the second to last (0.3 kcal/mol higher in energy), and makes the opposite (positive)
end harder to oxidize (3.75 and 4.53 kcal/mol more endothermic for zig-zag and helix tetramers
respectively). As seen for the corresponding indoles, the energy difference between the 2 most
stable quinones in either zig-zag or helix conformation remains rather small at 0.43 kcal/mol. Since
chain helicity does not seem to affect the relative stability of quinone isomers, we will only focus
on longer oligomers in the zig-zag conformation.

We then studied the interaction between quinones by oxidizing two monomers on the same zig-
zag octamer. Using the most stable singly oxidized species as references, we calculated the energy
penalty for the products of a second oxidation at different positions with respect to the first quinone
(see Supporting Information, Figure S4 and S5a). The results show that a second oxidation is less
energetically favored near an already oxidized indole suggesting that the oxidation sites have a
tendency to be segregated. In general, we would expect oxidation to occur at a position that
minimizes the repulsion with other quinones and maximizes the distance from the positive end of
the dipole. Quinone units introduce a discontinuity in the hydrogen bond network, so DHICA
melanin can be visualized as made of long segments with unidirectional hydrogen bonds
interrupted by oxidized units.
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Figure 3. Frontier molecular orbitals (HOMO-2 to LUMO+2), squared fragment orbital population coefficients on each monomer
obtained from the Mulliken population analysis and energy diagram of the reduced (left) and oxidized (right) octamers.

Energy landscape and transport mechanism of oxidized oligomers. We analyzed the changes
in the electronic energy states of oxidized oligomers with respect to their reduced analogues, in
particular the shape and localization of frontier molecular orbitals (FMOs). In both species, the
strong permanent dipole affects the shape of the frontier orbitals: while the HOMO is localized



towards the negatively charged side of the oligomer, the situation is reversed for the LUMO (see
Figure 3, left side). This striking effect, unseen in canonic semiconducting polymers, does not
stem from the nature of the m-conjugated system but rather from polar functional groups not
involved in conjugation. Oxidation is accompanied by the appearance of a low lying LUMO
localized on the quinone unit, leaving the other FMOs unperturbed (see the right-hand side of
Figure 3). Regardless of the oxidation position, to each quinone corresponds a localized state
adding to the lowest energy band in the polymer (Supporting Information, Figure S4b).

The electronic properties of representative DHICA oligomers allow us to formulate predictions on
the charge carrier behavior in DHICA melanin. As far as holes are concerned, the internal dipole
of the polymer affects the shape and localization of the HOMO, and constitutes a new type of long
range, correlated disorder contributing to the localization of holes. As seen in Figure S2, the
position of the HOMO along the DHICA oligomer is strongly affected by the dipole orientation;
this would seem to favor the localization of holes and electrons in different segments, at least in
small oligomers with only one oxidation defect. However, a more representative model oligomer
would be a longer segment where a series of indole units are delimited by a quinone on either end
(see Figure 4). In this model system, regardless of the local dipole orientation, the hole is found
to overlap with one of the two quinone-centered monomers. The energy to escape this local trap,
either towards another localized state?® or to a more delocalized state, is given by the reorganization
energy, 1,=~0.8 eV (see Supporting Information, Table S3). The density of these traps is
comparable to the density of oxidized units and typically similar or larger to the carrier density
achievable in transistor devices, we expect these localized states to determine the carrier mobility
in most conditions. This is a highly unusual scenario for polymer semiconductors, where

conformational disorder is the main factor affecting charge transport.?-!
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Figure 4. Scheme of a DHICA melanin segment showing typical recombination and trapping sites for holes and electrons. The
monomer dipoles (blue arrows) follow the direction of the hydrogen bonds.

Conversely, electrons are expected to be localized on isolated oxidized monomers, the electron
affinity of an oxidized oligomer being 2.3 eV higher than that of its polyindole analogue (see Table
S3). Given the low density of quinones across the polymer chain, as well as the significant energy
difference between these trap states and the higher, more delocalized unoccupied states, we do not
anticipate electron transport to be relevant in DHICA melanin. Interestingly, the ambiguity
surrounding the exact nature of the spatially confined and roughly homogeneous free radical
species in DHICA melanin,* characterized by a narrow EPR signal, seems to agree with our
findings regarding the spatial localization of both holes and electrons.



As for the fate of electron-hole pairs, the significant spatial overlap between localized holes and
electrons is expected to lead to efficient charge recombination. This would be the case when
electron-hole pairs are photochemically generated, thus concurring to the efficient non-radiative
energy dissipation mechanism crucial for the pigment’s photoprotective activity.>?

Conclusion

In this work, we uncovered a number of features that set DHICA melanin aside from other
biopolymers as well as common organic semiconductors. We set out to study the regiochemistry
and conformational freedom of DHICA melanin, only to discover their marginal role in
determining both the charge carrier and orbital localization. The electronic structure of DHICA
melanin is surprisingly and substantially affected by its strong dipole moment, which localizes
frontier orbitals on small molecular segments and impacts the polymer charge transport
mechanism. The formation of one-dimensional chains of hydrogen bonds is DHICA melanin’s
defining structural feature, and their orientation directly affects the dipole magnitude. The
disruption of the hydrogen bond network is then anticipated to be one of the main sources of
electronic disorder in the bulk. Oxidation is instead shown to create extremely localized virtual
orbitals, building up a separate band in the density of states of the bulk polymer. Hole transport in
DHICA melanin is likely to happen via hopping, however limited by the presence of deep trap
states. Future studies aimed at obtaining a full picture of DHICA melanin will take into account
the effect of stabilizing inter-chain interactions, chain flexibility and a higher dielectric
environment that would concur to reduce the hydrogen bond orientational order.

The wider impact of our findings is related to the possible role of eumelanin as a biocompatible
semiconductor. To this end, we can anticipate chemical modification and functionalization to play
a main role in tuning the transport properties in this class of materials, where electrostatic
interactions are more important role than non-polar, Van der Waals forces.

Computational Methods

Geometry optimizations were performed with Gaussian163* at the wB97XD/6-31G* level except
where otherwise stated. The Mulliken population analysis was performed using the cclib®®
package.

Supporting Information

Supplementary materials, including details of conformational searches and electronic structure
calculations, are available as a pdf file.
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1. Potential energy scan of DHICA dimers

The potential energy scan around the C-C-C’-C’ dihedral is shown in Figure S1. The shape of
the PES around the lowest energy minimum of DHICA dimers is dictated by the formation and
breaking of an inter-monomer hydrogen bond. The resulting torsional barrier is between 4.2
and 4.7 kcal/mol. The shallow minimum at ~125 degrees appears slightly different for all three
species, with the 7,7’ one being slightly more pronounced. It should be noted that, due to the
shallow barrier for interconversion back to the global minimum, we don’t expect the population
of the 125 degrees minimum to be significant.

Performing the same torsional scan after reorienting the hydroxyl groups to prevent the
formation of the hydrogen bond yields a rather different potential energy surface. For all three
dimers, the most stable conformer lies now at ~125°, while the barrier between the two minima
is significantly lowered. As observed in the previous torsional scan, there are slight differences
in the depth and shape of the ~125° minima. Notably, the whole potential energy curve appears
shifted downwards in the case of D44 and upwards for D47.
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Figure S1. Potential energy scan of the C-C-C’-C’ dihedral at the wB97XD/6-31G* level for
DHICA dimers in the presence and absence of an intermonomer hydrogen bond. The relative
energies are normalized to the absolute lowest minimum, D47H (right panel).

Table S1. Optimized parameters of the global minimum of 4,7’-DHICA dimer obtained with
different functionals.

Functional C-C-C-C’ () C-C (" O-H’ (A)
B3LYP 49.87 1.484 1.796
PBEO 48.96 1.477 1.772
MO06-2X 49.17 1.479 1.809

wB97XD 49.88 1.481 1.813



2. Dipole analysis and relative energies of DHICA oligomers

The effect of the hydrogen bond orientation on the dipole moment and relative stability of
DHICA oligomers was investigated using tetramers and octamers. Results in Figure S2 and
Table S2 show how to an inversion in the hydrogen bond direction corresponds an inversion
in the dipole moment and in the HOMO localization.

[M|=12.7D [u|=13.4D [M|=3.1D
AE=0 AE= 2.97 kcal/mol AE= 10.3 kcal/mol

Figure S2. Dipole moments, relative energies and HOMO orbitals of DHICA tetramers
optimized with hydrogen bonds pointing downward in the most stable conformation (left),
upwards (center), and half upwards and half downwards (right).

Table S2. Dipole moments and relative energies of zig-zag tetramers and octamers as a
function of the hydrogen bonds (dipole) direction, obtained from wB97XD/6-31G* optimized
geometries. The arrows refer to the hydrogen bond orientation.

Structure lul (Debye) E..: (kcal/mol)
Tetramer >> 12.7 0

Tetramer << 134 2.97
Tetramer < > 3.1 10.28
Octamer >> 26.68 0

Octamer << 31.08 392

Octamer < > 2.84 12.23



3. Oxidation of DHICA oligomers

Both zig-zag and helix tetramers were oxidized to the corresponding quinones. All localized
and distributed quinones were generated. The remaining hydroxyl groups were also rotated so
as to maximize the number of hydrogen bonds. All relative energies are reported in Figure

S3.
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Figure S3. Relative energies of oxidized tetramers ordered from the lowest to the highest,
divided in localized (dark/light blue) and distributed (dark/light green). The inset shows the
lowest energy localized tetramers. Geometries were optimized at the B3ALYP/6-31G* level.

After establishing the most stable oxidized tetramers, the corresponding lowest energy zig-
zag octamers Q7 and Qs were optimized at B3LYP/6-31G* level and single-point calculations
were performed using the wB97XD/6-31G* level of theory. The energetic penalty for a
second oxidation starting from both Q; and Qs is defined as:

AAE, = B33 — E} — EX + E
where E)g is the energy of a doubly oxidized octamer, Ej; and E g =78 those of mono-
oxidized octamers Q, and Qs, and E; is the poly-indole octamer.
The energy diagram for both species is shown in Figure S5a. Interestingly, the energy

penalty to have a second quinone on the same octamer chain becomes comparable to k7 if
the two oxidation sites are 3-5 monomers apart.



Figure S4. Optimized geometries of the most stable oxidized octamers Qg and Q7 obtained at
the wB97XD/6-31G* level.
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Figure S5. a) Calculated energy difference for the second oxidation, AAE}, for DHICA
octamers Q-,Q, and QzQ,, with two oxidized monomers, as a function of n, the distance
between the quinones. b) Energy level diagrams for pristine and oxidized DHICA octamers.



4. Reorganization energies, ionization potentials and electron affinities

Ionisation potentials, electron affinities and internal reorganization energies of DHICA
octamers were calculated using the wB97XD/6-31G* electronic energies. Reorganization
energies were calculated according to the four point method by Nielsen et al. (J. Phys. Chem.
B 2008, 112, 35, 11079-11086).

The dependency of the ionization potential on the polymer length was verified by optimizing
oligomers of different length (see Figure S6). The results show that octamers provide a
reasonably good estimate for the ionization potential of DHICA melanin.

Table S3 below summarizes the transport parameters of relevant DHICA oligomers. The
doubly oxidized dodecamer Q2,11 was used to model the hole trap state discussed in the main
text.

6.5 -
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o 5.5+
vacuum
5.0 —8— water
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4.5 -

Figure S6. lonization potential (IP) dependence on oligomer length for oxidized octamers,
calculated in vacuum and with the SMD implicit solvation scheme.

Table S3. lonization potentials, electron affinities and reorganization energies.

Structure IP EA At
Octamer - 0.734 -
Octamer < > 5.87 - 0.514
Octamer Q, 6.58 3.58 0.686
Octamer Qs - 3.07 -
Dodecamer < > 5.74 - 0.517
Dodecamer Qy, 6.58 - -

Dodecamer Q2,11 6.35 - 0.801
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