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a b s t r a c t

Melanins are natural pigments with important biological properties and have been considered promising
materials for several bio-electronic applications. In spite of it, until now there is no satisfactory under-
standing of the macromolecular structure of these compounds. In this work, we have employed elec-
tronic structure calculations to evaluate the local reactivity on monomeric building blocks of eumelanin
and on a varied combination of these units (dimers). The reactivity studies were accomplished by
Condensed-to-Atoms Fukui Indexes in a DFT approach. The results have evidenced a dominance order in
the reactivity of the building units that guides the polymerization process of melanin. In addition, from
the differences of the local reactivities it was possible to better understand the reactions that can take
place during eumelanin synthesis and estimate how they could be influenced by experimental
conditions.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Melanins represent an important class of natural pigments
present in plants and animals and have been considered promising
materials for technological applications [1e5]. These biological
compounds present a series of intriguing properties such as broad-
band monotonic absorption, hydrolysis resistance, lack of molecu-
lar regularity and paramagnetism [2,5e11]. As a technological
material, melanin derivatives can be considered promising organic
semiconductors for application in bioelectronics with low envi-
ronmental impact and low relative cost [2,12,13].

In spite of their interesting opto-electronic properties, until now
there is no satisfactory understanding of the macromolecular
structure of melanin and its derivatives. In general, there is a
consensus in the literature that melanins consist of several redox
forms of 5,6-dihydroxyindole (DHI) and 5,6 dihydroxyindole-2-
carboxylic acid (DHICA) monomers, but details about the connec-
tivity between these building blocks are still controversial [2,13].
(UNESP), Campus of Itapeva,

to).
Indeed, the elucidation of the chemical structure of melanin is
hindered by the low solubility of this compound that makes the
determination of its physical, chemical and structural properties
very difficult by traditional spectroscopic techniques [14].

A currently accepted hypothesis describes melanins as a set of
stacked planar substructures of DHI and DHICA units (as well as
their oxidized counterparts), containing from 4 to 8 monomeric
units (proto-molecules) which are aligned along the z axis with
inter-planar distances around 3.4 Å [15]. This hypothesis is rein-
forced by recent studies that show the dominance of smaller
structures duringmelanin synthesis [16]. However the connectivity
of the repeating units is still an active research topic.

Studies of oxidative polymerization of 5,6-dihydroxy-indols
suggest the formation of different oligomers. Generally oligomers
based on DHI structures have connections involving the sites 2, 3, 5
and 8 (see Fig. 1), while those based on the DHICA structures are
mainly connected via 3, 5 and 8 positions [16e20]. In particular the
existence of dimers 2e2′, 2e5′, 2e8′, 5e5′, 5e8′ and 8e8’ (the
numbers represent the atoms that are connected amongmonomers
M and M’) is frequently reported in the literature, however, due to
the extremely rich chemistry associated with quinones, other
structures may also be formed during the synthesis [16,19,20].

In this studywe have employed electronic structure calculations
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to evaluate the reactivity of distinct melanin monomers in water,
aiming to investigate details about the connectivity between
monomeric units, and to identify the reactions that take place
during the synthesis of this biomaterial. Reactivity indexes of
selected dimers were also analyzed in order to propose extended
structures. The obtained results allow us to evaluate the distribu-
tion of reactive sites on the melanin monomers and estimate the
relevance of different units in the formation of extended structures
of the biomaterial. In particular, nucleating structures and dimer-
ization activation processes were proposed and discussed.
2. Methodology

Fig. 1 shows the basic structures of melanin evaluated in this
report.

The ground-state geometries of the monomers were fully opti-
mized inwater in a DFT approach with Becke’s LYP (B3LYP) [21e24]
exchange-correlation functional and 6-31G(2d,p) basis set for the
all atoms. Polarizable Continuum Model (PCM) [25,26] was
employed to simulate the solvent.

The reactivity studies were accomplished by Condensed-to-
Atoms Fukui Indexes (CAFI) [27] obtained via finite difference
linearization (FDL) approach [28,29]. In the framework of the
conceptual DFT [30,31], these parameters describe the local ten-
dencies of electron releasing/withdrawing on the molecule struc-
ture, identifying which sites are prone to undergo reactions with
electrophiles, nucleophiles or free radicals [32]. Despite their
simplicity, CAFI have been successfully employed to understand
and predict local reactivities of molecules and polymers [33e42].
According to the reaction under consideration, three distinct CAFI
can be defined [43]:

fþk ¼ qkðNþ1Þ � qkðNÞ (1)

f�k ¼ qkðNÞ � qkðN�1Þ (2)

f 0k ¼1
2
½qkðNþ1Þ� qkðN�1Þ� (3)

where qkðN þ 1Þ, qkðNÞ and qkðN�1Þ represent, respectively, the
electronic population on the k-th atom of anionic, neutral and
cationic configurations of the system under study. fþk , f�k and f 0k
represent, respectively, the plausibility of interactions between the
k-th atom of the molecule with electrophiles, nucleophiles or free
radicals. CAFI calculations were carried out using the same
approach employed for geometry optimizations. Aiming to avoid
negative values, Hirshfeld’s partition method was employed to
estimate the electronic populations [44,45].
Fig. 1. Monomeric structures of melanin.
In order to evaluate the most likely dimer structures generated
during the melanin synthesis, a comparative analysis of the local
softness (sþk , s

�
k , and s0k ) and local philicities (uþ

k , u
�
k , and u0

k) [46]
were conducted for each structure. These indexes correlates the
local information, provided by the CAFI, with the global softness (S)
and electrophilicity (u) [47] of themolecule, allowing to predict the
most probable pair of atoms associated with a specific chemical
reaction. According to the hard-soft acids-bases (HSAB) principle,
the electrophile/nucleophile and radical/radical interactions are
favored when the involved atoms present similar softness
[27,32,48]. Similarly, a comparative analysis between uþ

k , u
�
k , or u

0
k

allows the identification of the most plausible sites for intermo-
lecular interactions [49]. In this sense it is possible to propose
specific reactions occurring during the synthesis just by comparing
these descriptors [38,41,42,49]. Eqs. (4)e(7) illustrate how these
parameters were estimated:

snk ¼ S:f nk ; for n ¼ ðþ Þ; ð� Þ or ð0Þ (4)

un
k ¼u:f nk ; for n ¼ ðþ Þ; ð� Þ or ð0Þ (5)

S¼ 1
IP � EA

; (6)

u¼ ðIP þ EAÞ2
8ðIP � EAÞ; (7)

where IP represents the ionization potential and EA the electron
affinity of the molecule under study, which were estimated by:

IP¼ EðN�1Þ � EðNÞ (8)

EA¼ EðNÞ � EðNþ1Þ; (9)

where EðMÞ represent the total energy of the compound with M
electrons (without geometry relaxation forM ¼ N þ 1 andM ¼ N�
1).

The analyses of local softness (sni
k ) similarity were carried out by

considering reactions involving the most reactive atoms of mono-
mer A (from the CAFIs) and the atoms of monomer B, whose dif-
ference in the sn1

i;A (i-th atom of A) and sn2
j;B (j-th atom of B) values did

not exceed 5% of sn1
i;A, i.e.:

sn1
i;A � sn2

j;B

sn1
i;A

� 0:05: (10)

Three cases were considered depending on the nature of n1 and
n2: i) n1 ¼ ðþÞ and n2 ¼ ð � Þ, for reactions involving the i-th atom
of A and nucleophilic sites of monomer B; ii) n1 ¼ ð�Þ and n2 ¼ ð þ
Þ, for reactions involving the i-th atom of A and electrophilic sites of
monomer B; and iii) n1 ¼ n2 ¼ ð0Þ for reactions involving free
radicals of both the monomers. The similarity value of 5% was
chosen to limit the analysis only to the most plausible reactions. A
similar work reported by our group has shown that the use of such
a matching cutoff is enough to access a significative number of
reactions [42]. The same approach was employed for the evaluation
of un

k .
To better assess the reactivity of extended structures, CAFI were

also calculated for some melanin dimers. Two initial structures
were prepared for each dimer, which were differentiated by a
rotation of 180+ relative to the chemical bond linking the mono-
meric units (CF1 and CF2). The structures were optimized consid-
eringwater as solvent, via a DFT/B3LYP/6-31G(2d,p)/PCM approach.
The CAFI were calculated using the same level of theory and



Fig. 2. Structures and numbering employed for melanin dimers: a) DHI and b) DHICA
dimers.

G.G.B. Alves et al. / Journal of Molecular Graphics and Modelling 98 (2020) 107609 3
approximations presented above. Fig. 2 shows the dimers evaluated
as well the atom numbering employed.

For DHICA dimers it was noticed a certain degree of structural
degradation after geometry optimization depending on the starting
dihedral angles between the monomers, e.g. for 4D ¼ 0 and 180+.
For this reason these dimeric structures were optimized consid-
ering a small increment in the these angles.

To analyse the most likely dimers, an energetic analysis of
dimerization cost (DEDC) was conducted. This evaluation aims to
estimate the energy required to produce a dimer from two specific
monomers:

DEDC ¼ ðETðdimer ABÞ þ ET ðH2Þ Þ � ETðmonomer AÞ
� ETðmonomer BÞ (11)

where ET ðXÞ is the total energy of the component X, i.e., the dimer
AB, the released hydrogenmolecules and the twomonomers, A and
B, that defines the dimer AB. The values presented in Equation (11)
were estimated from single point calculations using the same level
of theory employed in the optimization and CAFI calculations.

All the calculations were carried out with the aid of the Gaussian
09 computer package [50]. MOPAC2016 package [51,52] was
employed for pre-optimizations, in this case Conductor-like
Screening Model (COSMO) was employed to simulate the solvent
[53].

3. Results and discussions

3.1. Monomers

Fig. 3 illustrates the results coming from CAFI analyses for DHI
and DHICA structures and shows a qualitative representation of the
local reactivity on each compound. Red and blue regions represent
reactive and non-reactive sites, respectively. The other colors
represent sites with intermediate reactivity according to the
increasing order: blue, green, yellow, orange, and red (RGB scale).
Each molecule has its own color scale to evidence the relative
reactivity on the structures (intramolecular analysis). The illustra-
tions were designed with the aid of the Jmol package [54] in
conjunction with a specifically developed routine in Fortran 90.

As can be seen, HQ, IQ and QI structures present a number of
reactive sites for polymerization, while SQ-based structures
present high reactivity centered only on the “unprotected” quinone
oxygens. Despite the qualitative nature of the results presented in
Fig. 3, they carry valuable information regarding melanin oligo-
merization, which can be summarized as follows:

� the high values of fþ observed on sites 2, 5 and 8 of HQ-DHI are
consistent with the position of polymerization sites commonly
reported for eumelanin [19,55];

� the high values of f� on site 2 of HQ-DHI, in conjunction with
the above presented results, indicate the plausibility of the
formation of the commonly reported dimers 2e2′, 2e5′ and
2e8’;

� the high values of f� on site 5 and 8 of IQ-DHI, in conjunction
with the other results, indicate the formation of dimers 5e5′,
5e8′ and 2e5′, also commonly reported in the literature;

� the high reactivity on the carbon atom of the carboxylic acid in
HQ-DHICA structures suggests that this group has a high prob-
ability of being removed from the molecule, resulting in a
greater proportion of DHI structures in the final material, which
is indeed observed in synthetic melanins [8,15,56,57]. On the
other hand, the reactivity on this site is reduced for the other
DHICA-based structures (IQ, QI and SQ), suggesting that the
consumption of DHICA is hindered in the absence of HQ units.
This result is consistent with the experimental data reported by
Bronze-Uhle et al. which points out that the use of higher oxy-
gen pressures during melanin synthesis lead to materials with
an increased amount of carboxylate groups [58]. The high
reactivity on the COOH groups obtained for HQ-DHICA struc-
tures are also in line with recent studies on the thermal
annealing of eumelanin thin films in vacuum [57], in which
improved molecular packing and high electronic conductivities
were attributed to the removal of labile carboxylic groups.;

� a reduced reactivity is observed towards nucleophiles on sites 5
and 8 of DHICA based structures (fþ). On the other hand, higher
values of f� are observed on these sites, mainly for IQ and QI. In
particular the IQ-DHICA present the most relevant results
regarding the formation of 5e5′, 5e8′ and 8e8′ connections
present in DHICA-rich natural melanins [19,59]. The reduced
reactivities on sites 5 and 8 of HQ-DHICA indicate that the
synthesis of melanin in vivo should involve enzymatic dehy-
drogenation or Hþ abstraction, which is compatible with the
tautomerization of dopachrome into DHICA [60]. Furthermore,
the absence of high reactive fþ sites in DHICA-based structures
indicates that 5e5′, 5e8′ and 8e8′ connections, commonly
associated with DHICA structures, could indeed be formed with
intercalated units of DHI and DHICA subunits, or involve only
free-radicals reactions, mainly based on IQ-DHICA;

� the high CAFI values on site 3 of IQ and QI structures, indicate
the relevance of these structures for the formation of the
commonly reported dimers 3e5′ and 3e8’ [19];

� the high values of f� on the lateral oxygens observed for all
structures suggest that these sites are susceptible to electro-
philic attack, which is compatible with the proposed mecha-
nism of melanin synthesis in DMSO (D-melanin), involving the
incorporation of sulfonated groups on these sites [14]. Also, as
pointed out by Galv~ao and Caldas, such sites can be traced as the
reason for electron-acceptor properties of melanin units [61];

� regarding D-melanin synthesis, the high reactivity of carbon 2
towards radicals is also compatible with the addition of methyl
radicals (arising from the DMSO oxidation process) compatible
with an enhanced hydrogen concentration observed in NMR
spectra of these materials [14].

In order to evaluate the most likely dimers formed from the
interaction between monomers, analyses of the local chemical



Fig. 3. Condensed-to-atoms Fukui indices obtained for DHI and DHICA monomers.
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softness (and local philicities) similarities were carried out. In these
analyses the qualitative CAFI indexes are scaled by global param-
eters of the molecules (chemical softness and electrophilicity),
allowing the evaluation of intermolecular interactions. Only re-
actions involving atoms with high CAFI values were considered. For
example, in a reaction involving the monomers A and B, just atoms
of A with f ni

k;A � 0:8f ni
k;AðmaxÞ were considered in the analyses (where

f ni
k;AðmaxÞ is the highest CAFI value obtained for atom k ofmonomer A,
for a specific reaction ni ¼ þ , � or 0, identified by the red regions
in Fig. 3), and their local softness and philicities were compared in
relation to all the atoms of monomer B for an appropriate reaction.
Tables 1e3 present the most probable combinations of atoms for
each type of reaction between the monomers A and B. The analyses
of local softness and local philicities lead to the same interactions
Table 1
Analysis of the softness matching considering the atoms of monomer A as electrophiles

Monomer A i-th atom of A

HQ IQ

DHI DHICA DHI DHICA

HQ-DHI 8 e e 10,11 e

5* e e 11 e

2 e e e e

HQ-DHICA 3* 2* e 10 10
12 e 10 e 5
14 e 10 e e

IQ-DHI 8* e e 2* e

2* e e 2* e

11 e e e 3
10 e e 1 3

IQ-DHICA 5 e e e e

10 e e e 3
11 e e e e

QI-DHI 5* e e e 3*
2* e e e e

10 e e 1 3
QI-DHICA 5* e e 1 3*

10 e e e 3
SQa-DHI 5* e e e 8*
SQb-DHI 2* e e e e

8* e e 8* e

11 e e e 8
SQb-DHICA 8* e e e 8*

11 e e e 8
(see Supplementary material for details). Asterisks identify the
most plausible connections that do not involve internal/protected
regions, which are indeed expected in the real systems.

It is worth mentioning that the combinations presented in
Tables 1e3 were taken from simple numeric comparisons, that do
not take into account the surrounding atoms, free-valences and the
plausibility of molecular rearrangements, in this sense, some of the
connections in these tables are indeed non-realistic. For instance,
given steric hindrance and stability effects, the connections
involving the atoms 4, 9 and 12 are not supposed to occur. Reactions
involving the atoms 6 and 7, which require the removal of the OH
groups can also be considered very unlikely [62]. The connections
involving atoms 1, 10, 11, 13 and 14, should generate very unstable
structures that are supposed to break up during the synthesis
and the atoms of monomer B as nucleophiles (evaluation of sþA and s�B ).

Monomer B (j-th atom of B)

QI SQa SQb

DHI DHICA DHI DHICA DHI DHICA

e e 4,7 9,6 1,4,9 6,1
e e 3*,4,7 9,1 1,4 4
e e e 2 6 9,14
e 2 e 6 9 9,6,14
e e e e e e

e e e 2 e e

e e 2* 10 3*,7 7,10
e e 2*,6,11 7,10 3*,7 7,2,10

8,11 e 5 e e e

8,2 11 5 8 e e

11 e 6,11 7,10 e 2,10
8,2,11 e 5 e e e

e e 6,11 7,10 7 2,10
8*,2*,11 e 5* e e e

e e 6,11 7,10 3*,7 2,7,10
8,2 11 5 8 e e

8*,2* 11 5* 8* e e

8,2,11 e 5 e e e

3* e e e e e

3* e e e e e

3* e e e e e

e e e e 2 e

3* e e e 2* e

e e e e 2 e



Table 2
Analysis of the softness matching considering the atoms of monomer A as nucleophiles and atoms of monomer B as electrophiles (evaluation of s�A and sþB ).

Monomer A i-th atom of A Monomer B (j-th atom of B)

HQ IQ QI SQa SQb

DHI DHICA DHI DHICA DHI DHICA DHI DHICA DHI DHICA

HQ-DHI 2* 2* e e e e 7,2 4 7 1,6 6,1,14
HQ-DHICA 10 e e 6 2 6 6 e 4,2 9 e

11 8,5 e e 7 9 9 e e e 9
IQ-DHI 5* e e e e e e 5* e 8* e

8* e e e e e e 5* 5* 8* 8*
3* e e e e e e 5* e 8* e

1 e e 5,8 8,5 3 e e e e e

IQ-DHICA 8* e e e e e e 10 10 2*,11 11
5* e e e e e e 5* e 8* e

QI-DHI 3* e e e e e e 10 5* 2*,11 8*,11
QI-DHICA 8* e e e 8* e e 5* e e e

3* e e e 8* e e e e e e

11 e e 5,8 8,5 3 e e e e e

SQa-DHI 5* e e 5*,8* 5* 3* e e e e e

10 e e e e e e 5 e 8 8
SQa-DHICA 5* e e 5*,8* 8*,5* 3* e e e e e

10 e e e e e e 5 e 8 e

SQb-DHI 2* e e e e e e 10 10 2* e

11 e e e e e e 5 e 8 e

SQb-DHICA 8* e e e e e e 5* e 8* e

11 e e e e e e 5 e 8 e

Table 3
Analysis of the softness matching considering the atoms of monomer A and B as radicals (evaluation of s0A and s0B).

Monomer A i-th atom of A Monomer B (j-th atom of B)

HQ IQ QI SQa SQb

DHI DHICA DHI DHICA DHI DHICA DHI DHICA DHI DHICA

HQ-DHI 8* 5*,8* e 7 6,7 9 9 e e e 9
5* 5*,8* e e 7 9 9 e e e 9
2* 2* e e e 7 7,2 4 7 9,6 6,14

HQ-DHICA 5* e 5*,14 9 9 e 4 e e e 12
3* e 3* 4 e e e e e e 13
14 3 5,14 9 9 e e e 14 e 12

IQ-DHI 5* e e 5*,8* 5* 3* e e e e e

8* e e 5*,8* 5* 3* e e e e e

3* e e 2*,3* e 8*,5* 8*,5* 2*,11 e e 2,10
2* e e 2*,3* e 8*,5* 8*,5* 2*,11 e e 2,10

IQ-DHICA 8* e e e 8*,5* e e e e e e

5* e e 5*,8* 8*,5* 3* e e e e e

QI-DHI 8* e e 2*,3*,10,11 11 8*,5* 8*,5* 2*,6,11 6 3*,10 2,10
5* e e 2*,3* e 8*,5* 8*,5* 2*,11 e e 2
3* e e 5*,8* 5* 3* e e e e e

2* e e e e 2* 3* e e e e

QI-DHICA 8* e e 2*,3* e 8*,5* 8*,5* 2*,11 e e 2
5* e e 2*,3* e 8*,5* 8*,5* 11 e e 2
3* e e e e 2* 3* e e e e

11 e e 10,11 3,10,11 1,11 11 6 6,11 3,7,10 7
SQa-DHI 1 e e e e e e 5 e e e

10 e e e e e e 10 e 8 11
SQa-DHICA 2 e e e e e e 10 e e 2

8* e e e e e e 5* 10 2* 8*
SQb-DHI 2 e e e e e e 10 e 11 11

8* e e e e e e 5* 10 e e

16 e e e e e e 10 e e 8,11
SQb-DHICA 8* e e e e e e e 5* 11 8*,11

11 e e e e e e 10 10 2,11 8,11
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process. However, it is interesting to highlight that some structures
coming from the dimerization via unprotected oxygens have some
similarity with the oligomeric structures proposed byNicolaus [63].
Connections via N-hydrogen substitution in general requires quite
aggressive conditions [64e68] which are not compatible with the
natural and synthetic routes employed in melanin synthesis, and
then are not supposed to occur.

In general, it is noticed that the plausible interactions (labeled
by asterisks in Tables 1e3) involve distinct monomers. Especially, it
is noticed that the formation of hydrogenated structures (HQHQ) is



Fig. 4. Most probable dimeric structures coming from HSAB principle analysis.
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very unlikely, which is consistent with the fact that melanin de-
rivatives must be synthesized in slightly alkaline solutions. As a
matter of fact, a variety of plausible connections are observed for IQ,
QI and SQ units, suggesting that they play a nucleating role in
melanin polymerization. In particular, IQ and QI present the most
relevant (plausible) interactions.

From Tables 1e3 note that the formation of DHICA-DHICA
structures in general do not involve electron transfer processes
(electrophilic/nucleophilic reactions) which are commonly
observed for DHI-DHI and DHI-DHICA dimers. This result is in
agreement with the fact that spontaneous oxidation of DHICA is
generally much slower than DHI, mainly due to the inductive effect
of COOH group [17]. In addition, it is also in line with the work of
Okuda et al. that have described electron-transfer-controlled re-
actions in DHI oligomerization [18].

Fig. 4 summarizes the most likely dimeric structures obtained
from the analysis of Tables 1e3, as well as the number of occur-
rences observed for each kind of reaction. The above mentioned
chemically unstable and/or unlikely structures were omitted for
simplicity.

In fact, all these dimeric structures have been reported in the
literature [16]. A relevant feature is the high plausibility of 5e8′,
5e5′, 8e8′, 3e5′, and 3e8′ structures in relation 2-X′-based ones,
which are mainly associated with free radical reactions. Consid-
ering that 5-X′ and 8-X′ connections are mainly associated with
DHICA-based oligomers, while 2e5′ and 2e2′ aremainly associated
with DHI structures [19], our results suggest that DHICA oligo-
merization are mainly governed by radical reactions while DHI
polymerization is also associated with charge transfer processes.

Indeed, it is well known that the oxidation of DHICA units is
essentially an enzymatic reaction, however, details regarding the
exact mechanisms associated are still unknown [20]. Recent results
have indicated that the synthesis of melanin under (varied) O2
positive pressure induces the formation of carboxylated materials
[58]. Our results suggest that such conditions could facilitate the
formation of active units (IQ, QI or SQ) for melanin formation [69],
at the same time that prevents the removal of COOH groups, that
are very reactive in HQ structures.

In addition, the results presented in Tables 1e3 are compatible
with those reported by Chen and Buehler [55], in which 72 dimeric
structures (obtained via a brute-force algorithm and optimized via
an ab-initio approach) were employed to define the most stable
dimers of eumelanin (DHI and its reduced forms).
3.2. Dimers

To better access the reactivity patterns on larger structures of
melanin, the CAFIs were also evaluated for dimers 2e2’, 2e5′ and
2e8′ for DHI and 5e5’, 5e8’ and 8e8’ for DHICA. All these struc-
tures have been widely reported in the literature, and were also
identified as the most likely structures in this work. Two distinct
conformations were considered for each dimer, according to the
dihedral angle (4D) between monomer blocks: i) conformer 01
(CF1) with 4D ¼ 0+ and ii) conformer 02 (CF2) with 4D ¼ 180+.

Fig. 5 presents the results obtained for the conformers 02 of the
dimers 2e2’. The color scheme is the same employed in Fig. 3.
Similar results were obtained for conformers CF1 (see Supple-
mentary Material for details).

In order to shorten the discussions, let us divide our consider-
ations in homo-structured dimers (HoSD): HQHQ, IQIQ, QIQI and
SQSQ, and hetero-structured dimers (HeSD). We will also limit our
discussion only to the parameters fþ and f�, since f 0 is the average
of these values.

For 2e2’/HQHQ, a high reactivity is observed on sites 3 and 3’,
suggesting that the presence of such structures in the reaction
medium can lead to the formation of oligomers based on 3-X’
connections. High reactivity is also observed on sites 2 and 2’,
which suggests that these dimers could be fragmented during the
synthesis or degradation of melanin. As a matter of fact, metallic
cations are required to generate 2e2’ dimers during the oxidation



Fig. 5. Fukui indexes calculated for dimers 2e2’.
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of L-DOPA [13,18,19]. Such metal centers could act as chelating
agents on the quinone oxygens (susceptible to interaction with
electrophiles), changing the electron density on the 2e2’ bond of
these dimers (stabilizing them) and facilitating their observation in
the final products. In addition, it can be notice that the dominance
of f� indexes in relation to fþ (evidenced in f 0) for HQ-X dimers
suggests that HQ based materials indeed acts as good electron-
donor materials, as has reported elsewhere [61].

For dimers 2e2’/IQIQ, 2e2’/QIQI, and 2e2’/SQaSQa it is noticed
that more reactive sites are located on the unprotected oxygens,
similarly to the monomers. In all of these structures it is also
observed the activation of sites 3 and/or 5.

In general, for all the dimers it is noticed the following order of
dominance in relation to the monomer reactivity: HQ < IQ � QI(
SQa, in other words, the reactivity features of SQa prevail in relation
to the other units for all the dimers, while the features associated
with HQ are less expressive. In particular, the fþ indexes of the
HeSD follow the same tendencies of the monomers (according to
Fig. 6. Fukui indexes calculat
the dominance order above described). In relation to f�, the acti-
vation of sites 3 and/or 8 is observed for most of the structures, with
exception to SQ-based dimers, in which high reactivity is noticed
only on the unprotected oxygens.

Fig. 6 illustrates the CAFI obtained for 2e5’ dimers. As previ-
ously, red and blue regions represents, respectively, sites with high
and low reactivity.

For dimer 2e5’/HoSD, note that the addition of a second unit on
site 5’ increases the reactivity on sites 3 and 8’. Such a result sug-
gests that the formation of this dimer leads to tetramers based on
8’eX” connections typically proposed for DHI-based eumelanins
[70]. The high reactivity noticed on site 3 could lead to the for-
mation of extended structures based on 3eX” connections also
reported in the literature [17,56]. In particular, for IQ, QI and SQa,
the unprotected oxygens have also significant reactivity.

Similarly to 2e2’, the reactivity of the connected units is: HQ <
IQ � QI ( SQa. For instance, in the 2e5’/HeSD HQIQ the unit IQ
dominates the overall reactivity of the structure. In general, the fþ
ed for the dimers 2e5’.



Fig. 7. Fukui indexes calculated for dimers 2e8’.
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indexes of the dimer are quite similar to the fþ values of the
dominant monomer. Such tendency was also noticed for some IQ
and QI based structures in relation to f� (IQQI and QIIQ). For the
other structures the index f� present some relevant changes: i)
activation of site 8 in HQIQ; ii) activation of site 2 in HQQI; iii)
activation of sites 3 and 5 in IQSQa, QISQa, and SQaSQa. In partic-
ular, the dimers IQIQ and IQQI present high reactivity on sites 3 and
5 (for f� and f 0) that could lead to extended structures (trimer,
tetramers, etc) based on 3eX” and 5eX” connections (where X”
represents the active site of another melanin subunit).

Fig. 7 illustrates the CAFI obtained for 2e8’ dimers.
The same tendencies discussed for dimers 2e5’ are observed in

dimers 2e8’ with few exceptions, mainly related to f� indexes: i)
the high reactivities on sites 2’ are not observed in HQQI and QIQI;
ii) site 8 that was not active in 2e5’ is activated in HQSQa; iii) an
increase in the reactivity of sites 3 and 5 are noticed for QISQa and
SQaSQa; and iv) a reduction of the reactivities on sites 3 and 5 for
Fig. 8. Fukui indexes calcu
IQHQ. The changes on fþ parameter were less expressive, being
limited to deactivation of sites 3 and 5 in QISQa and activation of
site 8 in SQaSQa. As noticed for 2e2’, 2e5’ and 2e8’, the dimers
IQIQ and IQQI show a significant reactivity on sites 3 and 5 (and 8
for IQQI).

Figs. 8 and 9 illustrate the CAFI obtained for 5e5’ and 8e8’ di-
mers. Given the symmetry of these dimers, only 10 structures are
presented instead of the usual 16 (mainly due to the HoSD).

Generally the highest reactivities on 5e5’ dimers are found on
the positions 8 and/or 8’ for HQ, IQ, and QI based structures and 3
(and/or 3’) for QI ones. High reactivities are also observed on the
unprotected oxygens of SQa-based dimers. HQ, IQ and QI based
structures present some reactivity on the sterically protected sites
(2, 4, 7 and 9) and on position 3. The reactivity is similar to those
already discussed for the DHI-based dimers (HQ < IQ � QI( SQa).
The same tendencies are observed for dimers 8e8’, with high
reactivity on sites 5 and 5’.
lated for dimers 5e5’.



Fig. 9. Fukui indexes calculated for dimers 8e8’.

Fig. 10. Fukui indexes calculated for dimers 5e8’.
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In both cases, activation of sites 5 (5’) and/or 8 (8’) highlights the
relevance of IQ units in the formation of 5e5’, 5e8’, and 8e8’
connections, which are widely reported for DHICA-based struc-
tures. The results also suggest that QI units are responsible for the
formation of 3e8’, 3e5’ and 3e3’ connections, also observed in
natural melanins. These results are in line with those obtained for
the monomers.

Fig. 10 illustrates CAFI obtained for 5e8’ dimers. As previously,
red and blue regions represents sites with high and low reactivity,
respectively.

As can be seen, 5e8’ HoSD present high reactivity on non-
connected 5 and 8 sites. High reactivity at sites 3 and 3’ are also
observed for the QIQI dimer, which is in agreement with the for-
mation of 3e5’ and 3e8’ structures, already reported in the liter-
ature [71]. SQaSQa structures do not present relevant reactivities.
For the HeSD, one of the monomers dominates the reactivity
following the same order as previously presented: HQ < IQ � QI(
SQa. Activation of sites 5 and 8 is noticed in dimers containing IQ
units, except in cases where the SQa unit is present (in particular it
is observed that the QI monomer activates the 5 and 8 positions in
SQa-based dimers). This result reinforces the relevance of IQ units
in the synthesis of extended structures of DHICA-melanins, which
was already observed in the study of monomers.

Based on CAFI results, the following points can be summarized:
i) there is a great variety of reactive sites in the different monomeric
and dimeric units os melanin building blocks; ii) the reactivity
dominance of the units in the dimers is given by: HQ < IQ � QI (
SQa; this sequence can also be present in more extended structures
and dictate the oligomerization process; iii) the IQ and QI structures
play a key role in melanin oligomerization, leading to the activation



Fig. 11. Representation of the energetic costs for dimer formation associated with DHI and DHICA-based systems.
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of positions 5/8 and site 3, respectively; iv) a secondary role is
assigned to SQ and HQ units.

In addition to CAFI results, another important point to consider
is the energy required for the dimers formation (dimerization costs,
DEDC). Fig. 11 represents a color map of the DEDC values estimated
for each dimeric structure in a red-white-blue scale (red > white >
blue). The structures XY and YX (where X,Y¼ HQ, IQ, QI or SQa) of
the symmetric dimers 2e2’, 5e5’ and 8e8’ present the same DEDC
values.

In relation to DHI, it is possible to identify the dimer 2e8’ as the
most likely structure, mainly those containing QI units. In general it
is noticed the following order of energetic costs for DHI dimers
formation: 2e8’ < 2e2’ < 2e5’. Higher costs are observed for
species containing SQa units. Regarding DHICA, it is observed
similar costs for the varied structures, so that a very heterogeneous
material is expected. It is also noticed that SQa-based structures are
stabilized in relation to DHI, mainly for 5e5’ dimers, which could be
linked with the superior free-radical-scavenging properties of
DHICA [59]. The higher dimerization costs of DHICA-based struc-
tures in relation to DHI ones are also compatible with their low
concentration in synthetic melanins, evidencing the relevance of
enzimatic process for their formation [8].

4. Conclusions

The reactivity and structural features of melanin monomers and
dimers were evaluated by electronic structure calculations.

By analyzing the reactivity and local softness of the monomers,
it was possible to identify the position of the most reactive sites of
the distinct species HQ, IQ, QI, and SQ and evaluate the most likely
nucleophilic, electrophilic and radical reactions that may occur
during melanin synthesis process.

It has been observed that the synthesis of DHI-based materials
must be controlled by charge transfer reactions, while DHICA-
based eumelanins are mainly associated with radical reactions.
Different dimeric structures were then proposed and discussed.
The indices obtained in the monomers study is compatible with

the mechanism proposed for the synthesis of melanin derivatives
in DMSO (D-melanins), indicating the incorporation of sulfonated
groups on the oxygens.

In the dimers, the reactivity dominance order of the units is
given by: HQ < IQ � QI ( SQ. IQ and QI monomers play a relevant
role in the dimerization reactions. In general, the presence of IQ
units leads to the activation of sites 5 and 8, so that the X-IQ dimers
(DHI and DHICA) are important polymerization centers. The pres-
ence of QI units activates the site 3.

In addition to melanins, the results presented here can be
extended to other highly complex macromolecules in order to help
elucidate possible synthesis routes and polymerization processes
[42].
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