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ABSTRACT: Using first-principles calculations, we investigate the absorption spectra (in the near-infrared, visible, and first UV
range) of the two most probable eumelanin tetrameric molecules exhibiting either a linear open-chain or a cyclic porphyrine-like
configuration. In order to simulate a realistic molecular system, an implicit solvent model is used in our calculations to mimic the
effect of the solvated environment around the eumelanin molecule. Although the presence of solvent is found not to significantly
affect the absorption pattern of both molecules, the onset of the spectra are shifted toward higher energies, especially for the linear
tetramer. Interestingly, the absorption spectra and optical onsets of the two molecules differ significantly both in a vacuum and in
ethanol. However, the two predicted spectra do not allow us to definitely discriminate between the two configurations when
comparing the theoretical predictions with the available experimental spectrum. In addition, a mix of the two eumelanin
configurations (close to fifty-fifty) leads to a maximum overlap between theoretical and experimental spectra. Consequently, this
theoretical research shows that deeper insight can be gained using beyond DFT techniques on the real form of eumelanin
protomolecules present in living systems as well as on their possible use in hybrid solar cells.

■ INTRODUCTION
Melanin is the most common biological pigment present in
living organisms in which it has several functions, mainly,
thermoregulation, body exposed parts (skin, hair, eyes)
coloration, and most importantly, photoprotection against
UV radiation (is the cause of the suntan).1−4

In terms of chemical and physical behavior melanin presents
several interesting properties5 such as photoconductivity,6−9

hydration-dependent electrical conductivity (in particular in
the condensed phase),6−10 metal-binding affinity (chelation),
antioxidant behavior, free radical scavenging6−9 and (con-
sistently with its well-known photoprotectant role) an efficient
nonradiative energy dissipation with the ability to deactivate
UV and visible photon energy with radiative quantum yields <
0.05%.10−13

Melanin is well-known for its broadband IR-visible-UV
absorption which presents a monotonic increase as the photon

energy rises.14 These peculiar characteristics have recently
generated considerable interest in the possible use of synthetic
melanin as a biomimetic functional soft material in applications
such as biointerfaces,15,16 hybrid materials,17 energy storage,6

and obviously (due to the conducting and absorption
properties) organic electronics2 and solar energy harvest-
ing.2,4,7,9,18−22 The latter is most probably the field that would
benefit the most from employing natural or synthetic
eumelanin (or their derived pigments) which could be used
as a photoactive layer in hybrid solar cells.18 Thanks to its
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broad and continuous absorption spectrum, eumelanin has a
high capability of capturing photons, and hence it could help to
reach and possibly overcome the 10% efficiency obtained for
some hybrid solar cells.23

This scenario leads to the need of performance assessment
of eumelanin-based solar cells and, as a consequence, to the
strong request of a deeper and refined theoretical analysis of
materials and compounds used to build the devices. More
specifically, it is extremely important to understand the exact
form of eumelanin protomolecules and the interface effects
between the photoactive material and the other materials in
the cell and their consequences on the charge separation.

Despite the uncertainty associated to the exact atomic
structure (mainly due to its adverse chemical and physical
properties such as low solubility in most common solvents,
difficulty in separation by chromatography, and opacity24,25),
there is large consensus that, at the primary structural level,
eumelanin is essentially composed of a set of different
elementary molecules like 5,6-dihydroxyindole (DHI), 5,6-
dihydroxyindole-2-carboxylic acid (DHICA), hydroquinone,
semiquinone, quinone methide, and various quinone and DHI
oxidized forms, which constitute its elementary building
blocks.26 Each of these molecules is characterized by a specific
and quite narrow spectrum.2,27−29

Following the classification explained in refs 5, 10, and 30,
several levels can be identified for the so-called “chemical
disorder”. At the lowest level, the elementary building blocks,
namely, the monomers, may present some disorder. The latter
is related to the variety of monomer building blocks
contributing to the polymerization process. Then, comes the
so-called size disorder that stems from the gathering of
oligomers with gradually increasing complexity as a function of
the level of local polymerization. At the next level, there is
molecular disorder that describes the degree of structural
diversity based on the variety of scaffolds. Then, arrives the
electronic disorder that relates to the distribution of redox
states (i.e., catechol, semiquinone, or quinone) within the
oligomeric scaffold. Finally, at the highest level, arrives the
supramolecular disorder which depends on the variety of
aggregates that can be generated by intermolecular inter-
actions, for example, π-stacking interactions (DHI units) or
bundling aggregations (DHICA units).

This chemical disorder model5,10,30 explains the hetero-
geneity as arising from a diversity in chemical structures, which
differ in conjugation length, number of aromatic rings, and the
redox state of the absorbing subunits. It also explains the
absorption spectrum and excitation energy-dependent emis-
sion behavior of natural and synthetic eumelanins.13,31

Unfortunately, the chemical disorder model does not
identify the exact identity of the actual absorbers (even if it
is known that they are likely composed by the building blocks
covalently bonded as mentioned above32), their organization
in eumelanin larger macromolecules and/or stacks, or the way
they interact.

The study of the spectrum of single possible eumelanin
protomolecules could be useful to gain new information about
the identity and the detailed structure of the actual absorber
protomolecules. Our aim of this study is to gain new insight
into the several absorbing subunits of natural and synthetic
eumelanin.

There is a large number of possible candidates as eumelanin
protomolecules (a rapid review of possible structures can be
found in Chen et al.19).

Several experiments confirmed that eumelanin is made of
stacked oligomers with an interlayer distance of 3−4 Å.33,34 X-
ray diffraction studies35,36 and other measurements based on
scanning tunneling microscopy (STM)37−39 demonstrated that
eumelanin protomolecules present a very small size (15−20
Å). This leads to the choice of tetramers of DHI and related
oxidized forms covalently bonded as the most probable basic
units of the large stacking and aggregates of eumelanin. In
previous works the spectra of single monomers and of their
stacked/bonded units have been considered.40,41 Results for
these systems and in this domain could be also found in other
refs.42−44

A recent work of Antidormi et al.20 shows that between
several different forms of DHI tetramers, the two config-
urations proposed by Kaxiras et al.45,46 and Panzella et al.3

exhibit the better combination of formation energy and
adhesion energy on the Si[001] surface.

For these reasons, and for additional motivations related to
the previous results by some of the authors on this subject,20,47

we decided to focus our attention on the linear open-chain
molecule proposed by Panzella et al.3 and the cyclic
porphyrine-like structure proposed by Kaxiras et al.45,46 as
illustrated in Figure 1.

The low value of the formation energy implies that these
structures are the most probable between the tetramerical
structures analyzed in Antidormi et al.20 The adhesion energy
is one of the most important parameters in order to evaluate
the possible use of the compound in a hybrid solar cell because
it gives useful information about the stability of the interface
between eumelanin tetramers and the Si[001] surface.

In the present work, Time Dependent Density Functional
Theory (TDDFT) is used to calculate the absorption spectra
of the above tetrameric eumelanin candidates in the range of
near-IR, visible, and first UV. The results are validated by
comparison with those calculated using Many Body
Perturbation Theory (MBPT).

■ COMPUTATIONAL METHODS
To determine the relaxed structures of the two configurations
(linear and cyclic), DFT calculations are performed using the
Gaussian 1648 computational package. The structural relaxa-
tion is performed without imposing symmetry constraints
using the M06-2X exchange-correlation (XC) functional49,50

and the Aug-cc-pVDZ and (augmented, polarized double-ζ)
localized basis set.51 The Berny geometry optimization
algorithm52 is used setting the RMS forces criterion to 10−5

eV/Å. We checked the basis set convergence by adopting the

Figure 1. Linear open-chain (a) (left panel) and cyclic porphyrine-
like (b) (right panel) eumelanin protomolecules considered in this
work.
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Aug-cc-pVTZ (augmented, polarized triple-ζ) basis set,51 but it
turned out that the Aug-cc-pVDZ basis already provides a very
good agreement with experiments. We would like to point out
that, in previous calculations on other molecular systems
carried by some of us,47,53−64 it had been found that using the
B3LYP XC functional65,66 and the 6−31+G*basis set67 was
sufficient to obtain relaxed structures in good agreement with
the corresponding experimental data, in particular for the
eumelanin related precursors (DHI) and protomole-
cules.21,22,68 In contrast, we find here that for systems like
the tetrameric molecules of eumelanin such a level of theory
(in terms of XC functional and basis set) leads to rather
unsatisfactory results.

To determine the excitation energies and the electronic
absorption spectra in the visible-near-UV regions, different
approaches are considered. TDDFT calculations are first
performed adopting the same levels of theory (M06-2X with
Aug-cc-pVDZ and Aug-cc-pVTZ) used for the structural
optimizations. More specifically, we adopt the Casida
approach69 based on the linear response of the density-matrix
as implemented in the Gaussian 16 software package. Within
this method, the poles of the linear response function
correspond to vertical excitation energies (Ei), and their
amplitudes are related to the oscillator strengths ( f i) of the
transitions. For each molecule, we calculate 200 roots which
cover an energy range up to 7.3−7.4 eV. To take into account
the effects of the C2H5OH (ethanol) solvent on the relaxed
structure of the molecules and on their excitation properties,
the DFT and TDDFT calculations (relying on the M06-2X XC
functional with the Aug-cc-pVDZ basis set) are repeated
adopting a density corrected Polarizable Continuum Model
(PCM-SMD), which is an implicit solvent model.70,71 The use
of more advanced, but numerically more challenging methods
to treat the molecule−solvent interaction,72,73 are postponed
to a future computational campaign.

Finally, many-body perturbation theory (MBPT) calcula-
tions are also performed within the GW and Bethe-Salpeter
equation (BSE) formalisms74−78 as implemented within the
FIESTA package.79−81 For a fair comparison with the TDDFT
calculations, the Green’s functions G and the screened
Coulomb potential W are generated with the Gaussian 16
code using the same M06-2X exchange-correlation func-
tional49,50 and the Aug-cc-pVTZ basis set51 as for the
TDDFT calculations. Following a recent benchmark study of
the optical absorption energies of a large standard set of
organic molecules,81 a partially self-consistent GW approach is
adopted, namely, the corrected quasiparticle energies are
reinjected self-consistently in the construction of the Green’s
function G and the screened Coulomb potential W. This
procedure leads to an excellent agreement with the “best
theoretical estimates” provided by high-level quantum
chemistry techniques, with a mean-absolute error of the
order of 0.2 eV81 and with errors in the calculation of singlet
excitation energies of 0.1−0.2 eV.78,82 Our BSE calculations are
performed going beyond the Tamm-Dancoff approximation,
namely mixing excitations and de-excitations as described in ref
81. The BSE calculations provide the discrete energies (Ei) and
the corresponding oscillator strengths ( f i) for each founded
excitonic state which can then be used to construct the
absorption spectrum by convolution with Lorentzian curves
(centered in Ei and whose height is proportional to f i) and
their sum along the energy window explored. With this
formalism, we consider the first active excitation (with nonzero

oscillator strength) as the optical onset. Further details about
the methodology can be found in refs 79−81.

■ RESULTS AND DISCUSSION
In order to obtain a quantitative assessment of the resemblance
between two absorption spectra A1(E) and A2(E), we define
their overlap over the energy range (0, EM) as

=
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Using this mathematical trick, it is possible to determine the
average shift ΔE from one absorption spectrum to another as
the one that maximizes the overlap. Note that, in this
maximization, a scaling factor can also be applied given that
there is some arbitrariness on the intensity of the absorption
spectra. In the end, the similarity between two A1(E) and
A2(E) is characterized by the average shift ΔE and the overlap
(expressed in %).

First of all, we check the convergence of the TDDFT
calculations with respect to the basis set size. The Aug-cc-
pVDZ and Aug-cc-pVTZ basis sets lead to very similar results.
The overlaps between the absorption spectra are 91% and 97%
for the linear and cyclic tetramers, respectively; and the average
shifts ΔE are very small (0.00 and 0.08 for the linear and cyclic
tetramer, respectively). Based on this observation, it seems very
reasonable to perform all further calculations using the smaller
basis set (Aug-cc-pVDZ) in order to limit the computational
load for these rather large systems (58 atoms and 298 electrons
for the linear tetramer and 56 atoms and 296 electrons for the
cyclic one). So, from here on, we will refer to these calculations
simply as TDDFT (without specifying the basis set anymore).
It is worth mentioning that our TDDFT results are consistent
with those from previous works. For example, our results in
terms of energy excitations for the cyclic tetramer show 1−3%
differences with respect to those of ref 83.

We now turn to the validation of the TDDFT calculations
relying on the M06-2X XC functional. To this end, we
compare them to MBPT calculations, which can be considered
as a robust reference. Indeed, they have been shown to predict
accurately charge-transfer excitations80,84 and even cyanine-like
transitions,85 both known to be quite problematic for the
typical TDDFT calculations. In Figure 2, we report the
absorption spectra of the linear and cyclic tetramers calculated
by using TDDFT (in red) and MBPT (in orange). The
average shifts ΔE values are reported with respect to the
absorption spectrum obtained in TDDFT.

The computed spectra look very much alike, with overlaps of
91% and 93% for the linear and cyclic tetramers, respectively.
The corresponding average shifts ΔE are 0.14 and 0.20 eV
from MBPT to TDDFT, respectively. In Table 1, we report the
shifts δEi (eV) for the first eight prominent peaks. For each of
them, if δEi < ΔE (respectively δEi > ΔE), the MBPT peak will
be seen higher (respectively lower) in energy than the TDDFT
one in Figure 2. These results are in line with the typical 0.1−
0.6 eV upward shift observed previously for other organic and
biological compounds such as cyanine derivatives,86 coumar-
ins,87 polycyclic aromatic hydrocarbons,57 or porphyrinic
molecules.88

In particular, it is worth comparing the onsets of the
computed absorption spectra (the first peak in Figure 2) with
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respect to both their position and their origin in terms of
electronic excitations. For the linear tetramer, the onset is at
0.99 and 0.79 eV within TDDFT and MBPT, respectively. The
0.20 eV difference is in the typical range observed in previous
calculations.86,87 It is a bit larger than the average shift between
the two spectra (ΔE = 0.14 eV), which translates into a left
shift in the first peak position in Figure 2. For both TDDFT
and MBPT calculations, the onset absorption is basically
dominated by a HOMO → LUMO transition. For the cyclic
tetramer, the onset is located at 1.48 and 1.59 eV within
TDDFT and MBPT, respectively. The 0.11 eV difference is a
bit lower than the average shift between the two spectra (ΔE =
0.20 eV). This can be noticed in Figure 2 through the slight
right shift in the first peak position. Just like for the linear
tetramer, the main contribution to the onset originates from
the HOMO → LUMO transition for both TDDFT and MBPT
calculations.

As the TDDFT results seem perfectly valid with respect to
the MBPT ones, the subsequent calculations are performed
relying only on TDDFT.
Solvent Effects. Given that the experimental polymer-

ization and absorption measurements for the eumelanin
compounds studied here are typically performed in a solvated
environment, solvent effects should also be accounted for in
the calculation of the absorption spectra. It goes well beyond
the scope of present work to tackle directly the problem of
structural optimization and excited state calculation in the
explicit presence of molecules of the solvent. Indeed, such

simulations are extremely demanding due to the size of the
molecules (56 and 58 atoms) and the amount of solvent
molecules required to obtain an acceptable first solvation shell.
As an example, it has been estimated that, for the cyclic
porphyrine-like geometry, at least 400 solvent molecules are
needed for a correct solvation.83,89 This would represent an
extremely heavy computational load in particular within the
BSE that scales like O(N4).90 For this reason, we resorted to
the SMD-PCM70,71 implicit solvent scheme, despite the fact
that such models may have limitations in identifying the
correct optical transitions in some organic pigments.91 In
Figure 3, the resulting spectra are compared to those obtained
in vacuum.

The overlaps between the absorption spectra are 82% and
89% for the linear and cyclic tetramers, respectively. These
large overlaps indicate that the main effect of the solvent is to
shift the spectrum by ΔE = 0.41 and 0.26 eV for the linear and
cyclic tetramer, respectively. For the linear tetramer, the
spectra are more similar in the range between 1 and 3 eV than
for energies larger than 4 eV, where the individual peaks may
change both in position and intensity. The first optical active
transition (onset) is located at 1.43 eV with a shift δ of ∼0.4
eV with respect to the calculation in vacuum. That is almost
exactly the value of the average shift. The central large
absorption structure consists of four peaks located at 3.03,
3.36, 3.84, and 4.16 eV with shifts δ of 0.42, 0.52, 0.65, and

Figure 2. Absorption spectra of the linear tetramer (a) (upper panel)
and cyclic tetramer (b) (lower panel) computed using TDDFT (in
red) and MBPT (in orange). The TDDFT absorption spectrum is
used as a reference for obtaining the average shifts ΔE and for
expressing the overlaps. The visible region is highlighted in the plot.

Table 1. Position Ei (eV) of the Most Prominent Peaks of the Absorption Spectra of the Linear and Cyclic Tetramers
Computed Using TDDFT and MBPTa

Peak no. 1 2 3 4 5 6 7 8

Linear
TDDFT Ei (eV) 1.00 1.73 2.60 2.83 3.19 3.52 3.96 4.52
MBPT Ei (eV) 0.79 1.62 2.50 2.71 3.07 3.37 3.93 4.33

δEi (eV) 0.21 0.11 0.10 0.12 0.12 0.15 0.03 0.19
Cyclic

TDDFT Ei (eV) 1.58 1.90 2.72 2.99 3.26 3.64 3.88 4.73
MBPT Ei (eV) 1.38 1.83 2.59 2.80 3.05 3.43 3.60 4.49

δEi (eV) 0.20 0.07 0.13 0.19 0.21 0.21 0.28 0.24

aThe corresponding shifts δ Ei (eV) are also reported for each individual peak. These should be compared to the average shifts ΔE of 0.14 and 0.20
eV for the linear and cyclic tetramers, respectively.

Figure 3. Absorption spectra of linear tetramer (a) (upper panel) and
cyclic tetramer (b) (lower panel) computed using TDDFT in a
vacuum (in red) and in ethanol (in blue). The absorption spectrum in
a vacuum is used as a reference for obtaining the average shifts ΔE
and for expressing the overlaps. The visible region is highlighted in
the plot.
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0.64 eV, respectively, with respect to the calculation in vacuum.
While δ ≃ Δ for the first peak, it is systematically bigger by
0.1−0.2 eV for the next three. Furthermore, their relative
intensities of the peaks are quite different in vacuum and in
ethanol.

The largest peak in terms of oscillator strength appears at
4.53 eV with a shift δ of 0.57 eV (that is 0.15 eV larger than
Δ). At higher energies, three other peaks are present at 4.97,
5.25, and 5.76 eV with shifts δ of 0.45, 0.29, and 0.29 eV,
respectively, with respect to the calculation in vacuum. While δ
≃ Δ for the first peak, δ ≃ Δ−0.13 eV for the two following,
and their intensities vary considerably.

For the cyclic tetramer, the similarity is significantly larger.
The peaks are basically shifted by values very close to Δ = 0.26
eV. The optical onset is located at 1.80 eV with a shift of δ =
0.22 eV with respect to the corresponding onset in vacuum.
Like in the vacuum spectrum, there is a large and complex
structure in the middle of the spectrum (between 2.5 and 4.5
eV) formed by five peaks. These are located at 3.02, 3.28, 3.53,
3.89, and 4.12 eV with shifts of 0.29, 0.29, 0.28, and 0.25 eV,
respectively, with a small amplitude change in the first. The
merged peaks at 5.02 and 5.21 eV (1 dominant + 1 shoulder)
show a structure similar to that in the vacuum spectrum with
shifts δ of 0.29 and 0.31 eV.

Globally, the presence of a solvent does not change the
absorption spectrum dramatically. It mainly amounts to a shift
of the spectrum with some reorganization in terms of
amplitude, which is more important in the linear tetramer
than in the cyclic one.

Figure 4 (top panels) shows the calculated spectra for both
the tetramers with the experimental data from ref 21. Those
absorption measurements were obtained for DHI polymers
after completing the polymerization process as an example of
synthetic eumelanin.

Both calculated spectra show a large overlap with the
experimental data (84% and 80% for the linear and cyclic
tetramers, respectively). Interestingly, the average shifts at Δ =
0.70 and 0.64 eV are very similar, demonstrating the coherence
of the predictions. The slight difference in overlap is not
sufficient to assign the experiments to one of the two molecular
configurations.

In fact, both calculated spectra present a number of
mismatches with respect to the experimental data. The first
main discrepancy is in the theoretical onset, which is located at
2.12 eV (respectively 2.44 eV) for the linear (respectively
cyclic) tetramer, while it is measured at 2.72 eV experimentally.
The discrepancy is particularly important for the linear
tetramer, given that there is basically no absorption at 2.12
eV in the experimental spectrum. For the linear tetramer, the
other important discrepancy is the presence of a dip at 4.24 eV
that does not show up in experiments. Similarly, for the cyclic
tetramer, an even more pronounced dip appears at 5.17 eV in a
region where the absorption is rather important experimen-
tally.

If we mix both calculated spectra, the maximum overlap
reaches 86% using a unique average shift Δ = 0.71 eV while
allowing for a different fraction of both tetramers (53% and
47% for the linear and cyclic tetramers, respectively). The
corresponding spectrum is reported in the bottom panel of
Figure 4, where the contributions of the linear and cyclic
tetramers are also represented as shaded areas. Apart from the
remaining discrepancy on the theoretical onset (though it is
considerably smaller than for the individual tetramers), the
agreement with the experimental data is very good. In
particular, the two dips mentioned above have been filled by
the absorption from the other tetramer. Interestingly, the
average shifts for the individual tetramers and their mix are all
very similar (with at most 0.07 eV difference).

Finally, it is important to recall that the experimental results
are obtained based on a set of measurements on DHI solutions
prepared using a given mass of DHI monomer dissolved into
ethanol. The time variation of the absorption spectrum of the
solution shows that there is a multistep evolution of the
solution composition when the DHI monomers start to
aggregate to form a variety of oligomers. As discussed in ref 21,
the different temporal behavior of the peaks visible at different
wavelengths indicate that the composition changes in a
complex way over time, with the presence of different
oligomers whose relative composition also varies over time.
For this reason, while the study of the solution absorption over
time is a powerful tool to study the evolution of the solution
composition (with spectra taken in ethanol solution starting
from DHI powder as a function of time; see ref 21), the
superposition of the spectral responses makes it difficult to
unambiguously identify the unique optical response of each
kind of molecule. Therefore, the remaining differences
between the theoretical and experimental spectra could be
ascribed to the different levels and mechanisms of chemical
disorder taking place during the polymerization.

As a final comment, it is known from previous works60,91

that a calculation with an explicit solvent could lead to a blue
shift with respect to the implicit solvent spectrum. This was
observed both within TDDFT91 and MBPT60 for natural dyes
and, more generally, for functionalized organic molecules. This
blue shift has been ascribed to the presence of higher order
solvation effects, such as those caused by the explicit solvent
shell around the tetramers. As a possible future development, it

Figure 4. Absorption spectra of the linear tetramer (a) (in light blue,
upper panel) and cyclic tetramer (b) (in purple, central panel)
computed using TDDFT in ethanol, as well as of a mix of both (c) (in
blue, lower panel), compared with the measured experimental
spectrum of polymerized DHI/eumelanin (in black).21 The
experimental absorption spectrum is used as a reference for obtaining
the average shifts ΔE and for expressing the overlaps. The visible
region is highlighted in the plot.
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might be interesting to include explicit solvent effects in the
calculation of the spectra for the two eumelanin tetramers.

■ ADDITIONAL COMPUTATIONAL RESULTS
In order to give additional chemical information relative to the
details of the transitions involved in the studied spectra, we
report here the additional data in Table 2.

Moreover we also added the plots of the molecular frontier
orbitals corresponding to the dominant transition for the
optical onset in the case of linear (Figure 5) and cyclic (Figure
6) molecules.

Considering the data reported in Table 2, one can obtain a
clearer picture on which transitions have the leading position
in the composition of the two structures. We would like to
focus in the absorption spectra, i.e., the onset peak and the
main peak in the energy range here studied. From the data in
this table it is clear that the nature of the transitions involved
changes with respect to the two studied cases, i.e., molecule in
vacuum or in ethanol. Considering the linear molecule aside
from the shift for the onset energy we have discussed
previously, there is a change in the transitions involved: for
this onset energy, aside from the transition from H to L with

similar probability, in the ethanol case the transition from H to
L+1 takes place in substitution to the two transitions from H
to L+4 and from H−2 to L+3. The main peak for this molecule
does not show a large modification (shift of the order of 1%) in
its energy position, and the transition from H to L+4 results as
the strongest for the molecule in vacuum and in ethanol. A
modification occurs for the lower rank contribution for this
peak, which goes from the H−9 to L transition in the vacuum
case to the H−7 to L transition for the case in ethanol. In the
case of the cyclic tetramer, the onset peak has the H to L
transition in both cases (vacuum and ethanol) as the principal
contribution. In addition to that there is a contribution from H
to L+1 for the case in a vacuum and H−1 to L+1 for the case
in ethanol. For the strongest peak in the absorption curves,
aside from a larger effect of the solvent in its energy position
(shift around 14%), the main transition either for the vacuum
and for the ethanol case remains the H to L+4 one. Moreover
in both cases (vacuum and ethanol), the following transition in
importance is the H−10 to L one. From Table 2 and the above
discussion it is clear that the HOMO and LUMO orbitals play
a fundamental role in the transitions composing both the onset
and the main peak for both the molecules. Therefore we
reported in the linear and cyclic tetramer the spatial
representations of those orbitals for the two molecules under
study. It is clear from those figures that the linear eumelanin
tetramer shows a different distribution of the HOMO and
LUMO orbitals with respect to the cyclic case. In fact it is clear
from Figure 5 that the HOMO orbitals occupy a part of the
molecule which is nearly free in the case of the LUMO state:
this means that in this case the HOMO−LUMO transition
could give rise to a charge-transfer exciton. On the other hand
it is clear from Figure 6 that this is not the case for the cyclic
molecule in which the lobes in the HOMO and in the LUMO
case does not show particular charge localization.92

■ CONCLUSIONS
First-principles calculations have been used to investigate the
near-infrared, visible, and first UV absorption spectra of two of
the most important candidates as eumelanin chromophores.
The first one is characterized by a linear open-chain geometry,
and the second one by a cyclic porphyrine-like structure.

The TDDFT results are first validated by comparison with
those from MBPT. Similar to other organic/biological
molecules, those two optical spectra do not show important
differences for both compounds. More precisely, the MBPT
spectra are basically red-shifted by a few tenths of an eV
compared to the TDDFT ones. The presence of ethanol as a
solvent is then investigated by adopting an implicit PCM-SMD

Table 2. Main Transitions for Optical Onset and Main
Absorption Structure for Linear and Cyclic Melanin
Tetramer in Gas Phase and under Implicit Solvation
(Ethanol)

molecule peak
energy
[eV] transitions O.S.

linear peak 1 (onset) 1.00 H → L (0.51) 0.50
H → L+4 (0.35) 0.31
H−2 → L+3 (0.28)

peak 7 (main) 3.96 H → L+4 (0.42) 0.25
H−9 → L (0.25)

cyclic peak 1 (onset) 1.58 H → L (0.50) 0.29
H → L+1 (0.32)

peak 8 (main) 4.73 H → L+4 (0.49) 0.62
H−10 → L (0.38)

linear
ethanol

peak 1 (onset) 1.70 H → L (0.40) 0.50
H → L+1 (0.24)

peak 7 (main) 4.00 H → L+4 (0.45)
H−7 → L (0.22) 0.52

cyclic
ethanol

peak 1 (onset) 2.25 H → L (0.63)
H−1 → L+1 (0.18) 0.37

peak 7 (main) 5.43 H → L+4 (0.52) 0.93
H−10 → L (0.36)

Figure 5. Highest occupied molecular orbital (HOMO) [(a) (left panel)] and lowest unoccupied molecular orbital (LUMO) [(b) (right panel)]
for the linear open-chain eumelanin protomolecule (gas phase).
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solvation model in the TDDFT calculations. Compared with
the TDDFT results in vacuum, a small blueshift of the
spectrum (0.3−0.4 eV) is observed without significant
modifications of the main absorption features for both
tetramers.

The comparison of the calculated result with a previously
measured experimental spectrum does not allow for a clear
statement about which tetramer is the most likely. In fact, both
tetramers show a very good agreement with experiments, and a
mix of both of them leads to an even more significant theory−
experiment accordance, with a slightly higher fraction of linear
tetramer. The present results, obtained using state of the art
simulation techniques, can help to obtain deeper insight into
the exact configuration of eumelanin protomolecules. This
issue can have important consequences with respect to either
basic or applied research involving eumelanin.
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