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Abstract

We report a systematic investigation on the electronic and optical properties of four monomers
which are elementary constituents of some of the protomolecules of eumelanin. Eumelanin is the
most important form of melanin which is one of the most universal natural pigments in living or-
ganisms. For the isolated monomers we performed all-electrons Density Functional Theory (DFT)
and Time Dependent DFT (TDDFT) calculations with a localized Gaussian basis-set. For each mo-
nomer we determined a series of molecular properties, namely electron affinities, ionization
energies, fundamental energy-gaps, optical absorption spectra, and exciton binding energies. We
discuss moreover the possible implications of the above electronic and optical properties of the
single monomers with respect to the properties of a recently proposed tetrameric protomolecule
of eumelanin.
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1. Introduction

The molecule of eumelanin is the most diffuse biological kind of melanin and is the cause of several functions in
living organism. In human body, eumelanin is responsible of the color of skin, hair and eyes. Aside from these
facts, eumelanin results as an efficient photoprotective pigment. In fact, its broadband absorption [1]-[4] turns
out to be efficient to defend living systems from intense sunlight [5] [6].

To provide an efficient photoprotective function, the spectrum of absorption of eumelanin has to be monoton-
ically increasing toward the higher-energies. This broadband absorption spectrum is still an issue of scientific
debate, particularly is not well understood how the molecular and aggregate structures of eumelanin relate to its
overall optical features [7].

It has been demonstrated moreover that eumelanin also plays a role in some diseases as the Parkinson’s syn-
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drome [8], the macular degeneration [9] and the malignant melanoma [10].

All these facts make the study of the structural, electronic and optical properties of eumelanin of strategic
important. Recent experiments have proved that eumelanin is made of stacked oligomers with an interlayer dis-
tance of 3 - 4 A [11]. X-ray diffraction studies [12] [13] and scanning tunneling microscopy measurements
[14]-[16] demonstrated that the size of eumelanin protomolecules was of the order of 15 - 20 A, which implied
that the tetramers and pentamers formed by bonded DHIs monomers were the most probable molecular struc-
tures of eumelanin.

In this project we would like to address the computational characterization of different eumelanin monomers.
Namely we shall consider 1Q (indolequinone), MQ (quinone-methide), DHI (hydroquinone or 5,6-dihydrox-
yindole) and DHICA (5,6-dihydroxyindole 2-carboxylic acid) ones (see Figure 1). We shall use the all electrons
Gaussian based code Nwchem which operates in the framework of Density Functional Theory (DFT) [17]. The
electronic properties of the ground-state of each monomer will be addressed.

The ionization energy and electron affinity in the vertical and adiabatic form will be then calculated. Using
then the Delta Self Consistent Field scheme (ASCF) we shall be able to calculate the quasiparticle gap of the
systems under study. The use then of the time-dependent DFT (TD-DFT) which is implemented in the Nwchem
package will enable us to calculate the absorption spectra. With the calculation of the above data we shall be al-
so0 in the condition to evaluate the binding energy of the excitons for each system under study. Moreover starting
from the more accepted models for the protomolecules of eumelanin [18] we shall try to identify which features
in the electronic and optical properties of one of the possible eumelanin protomolecules could be assigned to its
different constituent monomers.

Within the present study therefore we export a method successfully applied yet on several other families of
organic molecules [19] [20] to another class of molecules which are the basic constituents of eumelanin.

2. Computational Schemes

We perform DFT and TDDFT computations using the NWChem package [17]. Geometry optimizations have
been determined using the B3LYP hybrid exchange-correlation (XC) functional [21]-[23] and the PBE one [24],
in combination with the 6 — 31 + G* basis-set.

The use the B3LYP exchange-correlation (XC) functional has a rather standard behavior with some well do-
cumented limitations [25]. The structural optimization for each monomer has been performed without imposing
symmetry constraints. The adiabatic electron affinities (EA,) and ionization energies (IE,) have been calculated
via total energy differences. The vertical ionization energies (IEy) and electron affinities (EAy) have been calcu-
lated on the other hand at the relaxed geometry of the neutral molecules. This procedure permitted us the calcu-
lation of the quasi-particle energy gap which is rigorously defined in the ASCF scheme as [26] [27]:

Ecap = IEv — EAy = (Ens1 — EN) — (En — Ena) (1)
To obtain then the singlet-singlet excitation energies and the electronic absorption spectrum in the visible/UV
region for each monomer we performed TDDFT calculations at the same level B3LYP (PBE)/6 — 31 + G* em-
ployed for its electronic ground-state. We used the frequency-space implementation of TDDFT founded on the
linear response of the density-matrix. In this scheme the poles of the linear response function are associated to
vertical excitation energies and the pole strengths to the corresponding oscillator strengths [28].
For each molecule we restricted ourselves to the first 50 singlet-singlet roots, which in all cases were suffi-
cient to cover the energy window here considered (3 - 7 eV). From the knowledge of the first optically active
transition Eqy we could evaluate the exciton binding energy using the difference:
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Figure 1. Monomers under study in the present paper, namely left DHICA, center-left DHI, center-right I1Q and right
MQ. In red oxygen atoms, in light blue nitrogen atoms, in white hydrogen atoms, in black carbon atoms.
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Eging = EGap - EOpt- 2

Moreover, taking into account that orbital energy differences are in some cases fair approximations to elec-

tronic excitation energies, we compare the optical gap Eqy with the highest-occupied molecular orbital (HOMO)

lowest unoccupied molecular orbital (LUMO) energy gap determined directly as difference of Kohn-Sham ei-
genvalues.

3. Results and Discussion: Electronic and Optical Properties

In Table 1 the energies which have been calculated in the present work, namely adiabatic and vertical ionization
energies (IE,, IEy), adiabatic and vertical electron affinities (EAa, EAy), fundamental energy-gaps (Egap), Kohn-
Sham gaps (Eksgap), first optically active transition (Eqp) and exciton binding energy (Eging), for the monomers
under study. We used two different choices for the exchange and correlation potential, namely the B3LYP [21]-
[23] and the PBE [24] ones. We consider first the case of the use of the XC potential B3LYP. The ionization
energies (IE,, IEy) have the largest values for the MQ monomer as the electron affinities (EAa, EAy). On the
opposite side we find the DHI monomer which shows the lowest values for the above quantities. For the funda-
mental gap and the optical onset energy are the DHI monomers which show the largest values. As a conse-
quence for the exciton binding energy Egi,q DHI reports the lowest value. The DHICA monomer is the other
monomer which shows the values of the energies nearest to the ones of DHI. The tiny differences between DHI
and DHICA data could be ascribed then to the presence of the COOH group. On the other hand the monomer 1Q
reports values for the observables similar to those of MQ. This behavior could be ascribed to the presence of the
OH group which differentiates MQ with respect to 1Q.

As is clear from Table 1 the use of PBE XC functional in some cases maintains the same ordering for the
physical observables of the monomers (e.g. IE,, EAy) while for the other ones determines a change in the order-
ing with respect to the data after B3LYP XC calculations (e.g. Egap, IEv). These results demonstrate the impor-
tance and influence of the choice of the XC potential upon the electronicand optical properties of the monomers
under study.

In Figure 2 and Figure 3 the spectra for the monomers here considered within TDDFT with the choices of
PBE and B3LYP for the XC potentials.

In the case of DHI and DHICA the spectrum lies in the UV region with the use of both the XC potentials. On
the other hand both 1Q and MQ show absorption in the UV but are characterized also by smaller structures in the
visible region either with the use of PBE and with the use of B3LYP XC potentials. To make a more quantitative
comparison for the absorption spectra, in Table 2 we reported singlet-singlet permitted excitation energies (in

Table 1. Adiabatic and vertical ionization energies (IE,, IEy), adiabatic and vertical electron affinities (EA,, EAy), funda-
mental energy-gaps (Eqap), Kohn-Sham gaps (Exsgap), first optically active transition (Eqp) and exciton binding energy (Eping).
All data are in eV.

B3LYP
1EA[eV] 1Ey[eV] EAx[eV] EA/[eV] Ecap[eV] Exsgap[€V] Eop[eV] Egina[eV]
DHICA 7.39 7.62 0.29 -0.10 7.72 421 3.98 3.74
DHI 7.03 7.24 -0.77 -0.80 8.04 4.90 4.43 3.61
1Q 7.91 7.99 1.99 1.80 6.19 2.95 1.99 4.20
MQ 8.16 8.39 2.23 197 6.42 2.68 1.95 4.47
PBE

IEA[e\/] |Ev[ev] EAA[e\/] EA\/[ev] EGap[eV] Engap[eV] Eom[eV] EBind[eV]

DHICA 7.26 8.04 0.33 -0.25 8.29 2.82 3.45 4.84
DHI 6.91 7.08 —-0.66 —-0.69 .07 3.48 4.06 3.71
1Q 7.65 7.70 1.98 1.84 5.86 1.10 1.67 4.19
MQ 8.04 8.23 2.23 2.01 6.22 121 1.52 4.70
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Figure 2. Absorption spectra for the DHICA (left) and DHI (right) monomers computed usingB3LYP (solid line) and PBE
(dashed line) exchange-correlation functional.
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Figure 3. Absorption spectra for the 1Q (left) and MQ (right) monomers computed usingB3LYP (solid line) and PBE
(dashed line) exchange-correlation functional.
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Table 2. Singlet-singlet permitted excitation energies (in eV) of eumelanin monomers as obtained by TDDFT using PBE/
B3LYP exchange correlation functional and 6 — 31 + G* basis set. The corresponding values of absorption cross-section
(given between parentheses) are in Megabarn (Mb).

B3LYP

Main Peak [eV] ([Mb]) First Optical-UV [eV] ([Mb]) Onset [eV] ([Mb])
DHICA 4,02 (56.9) 4.02 (56.9) 4.02 (56.9)
DHI 6.38 (46.4) 443 (17.7) 443 (17.7)
IQ 6.20 ( 54.6) 4.16 (5.50) 1.99 (3.70)
MQ 6.42 (37.3) 3.92 (14.4) 1.95 (2.5)

PBE

Main Peak [eV] ([Mb]) First Optical-UV [eV] ([Mb]) Onset [eV] ([Mb])
DHICA 3.60 (44.3) 3.60 (44.3) 3.60 (44.3)
DHI 6.02 (46.6) 4.10 (14.7) 4.10 (14.7)
IQ 5.86 (50.4) 3.58 (4.57) 1.67 (2.3)
MQ 6.24 (31.6) 3.65 (12.9) 152 (1.70)
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eV) of eumelanin monomers as obtained by TDDFT using PBE/B3LYP exchange correlation functional and 6 —
31 + G* basis set. The corresponding values of oscillator strengths f are given between parentheses. The energy
range considered is 3 - 7 eV. In all the spectra the B3LYP XC data for the first absorption peak are blue-shifted
by about 0.1 - 0.5 eV with respect to those after PBE XC ones. For the DHICA monomer the strongest peak
takes place at the onset.

On the other hand for the DHI the peak at onset results not the strongest one. For this monomer the largest
structure comes in the UV. For 1Q and MQ monomers, while the onset takes place in the visible, on the other
side the more robust structures are placed in the UV. These strong absorption features in the UV for all the con-
sidered monomers is consistent with the typical absorption characteristics of all protomolecules of eumelanin
[18].

Note please that the use of B3LYP XC potential causes different numbers and forms of the absorption struc-
tures at high energies in comparison with the PBE spectra.

In some cases for the monomers it is possible to perform a comparison with existing results in the literature.
For the case of DHI the lowest-energy peak (around 4.1 eV in energy or 301 nm in wave length) and the three
structures in the range (around 5.2-5.7 eV or 216 - 240 nm) in the absorption spectrum calculated using the PBE
XC potential (see Figure 2) are in fair agreement (in energy position, relative energy distance and relative inten-
sity) with the first two structures at low energy calculated within a different scheme (namely ZINDO/S method)
used by Chun-Teh and coworkers [29]. Fair agreement is also found between the two lowest energy peaks in the
absorption spectrum of MQ monomer after present calculations within the PBE-XC-scheme (see Figure 3),
namely the first structure (around 3.7 eV or 334 nm) and the second one (around 4.7 eV or 263 nm), with those
calculated by Chun-Teh and coworkers [29]. In the case of the monomer 1Q, the present PBE-XC absorption
spectrum (see Figure 3) compares well with that calculated previously within a similar scheme in the whole
considered range (around 1.5 - 5.0 eV or 250 - 800 nm) by Meng and Kaxiras [18].

To test the utility and potentiality of our systematic approach for the electronic and optical properties of the
monomers of eumelanin we then considered a proposed protomolecule of tetrameric structure named IMIM,
made by two 1Q and two MQ monomers assembled together [18].

In particular we decided to focus our attention to the UV region in which the two above monomers show in-
tense absorption, i.e. 3.5 - 7 eV. In Figure 4 we report the absorption spectra in that energy region for the 1Q and
MQ monomers (with energy broadening of 0.07 eV) in comparison with the spectrum of IMIM after the calcula-
tion of Meng and Kaxiras [18].
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Figure 4. Absorption spectrum of IMIM tetramer proposed by Meng and Kaxiras in Ref.
[18] (blue points), ideal 1Q and MQ tetramers calculated spectra (green and blue respec-
tively) and sum spectrum of 1Q + MQ (black line), see text. For 1Q, MQ and 1Q + MQ the
calculations are performed using PBE XC functional.
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We can indeed make a direct connection between the three main structure of IMIM and the peaks of the mo-
nomers 1Q and MQ. Starting from the low energy part of the UV region depicted, the first structure of IMIM
seems formed after the combination of the first peak of MQ and the first three peaks of 1Q, the second structure
of IMIM after the combination of the second and third peak of MQ and the fourth of 1Q and finally the structure
at high energy for IMIM after the summation of the structure 5 and 6 of 1Q and 4 - 7 of MQ. In Figure 4 it is
reported also the curve obtained as the sum of the spectra of MQ and 1Q (with an energy broadening of 0.14 eV).
This last curve reports the main three structures as in the results for the IMIM tetramer after Meng and Kaxiras
[18] with a red-shift of the order of 0.3 eV.

This analysis suggests that in the important UV window 3.5 - 7 eV the main absorption features of a recently
proposed tetrameric protomolecule of eumelanin, namely the IMIM, could be ascribed to the absorption features
of its single monomeric components.
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