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Electronic structure calculations of ESR
parameters of melanin units
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Melanins represent an important class of natural pigments present in plants and animals that are currently

considered to be promising materials for applications in optic and electronic devices. Despite their interesting

properties, some of the basic features of melanins are not satisfactorily understood, including the origin of

their intrinsic paramagnetism. A number of experiments have been performed to investigate the electron spin

resonance (ESR) response of melanin derivatives, but until now, there has been no consensus regarding

the real structure of the paramagnetic centers involved. In this work, we have employed electronic

structure calculations to evaluate the ESR parameters of distinct melanin monomers and dimers in order

to identify the possible structures associated with unpaired spins in this biopolymer. The g-factors and

hyperfine constants of the cationic, anionic and radicalar structures were investigated. The results

confirm the existence of at least two distinct paramagnetic centers in melanin structure, identifying the

chemical species associated with them and their roles in electrical conductivity.

1 Introduction

Melanins represent an important class of natural pigments
found in plants and animals. In addition to this biopolymer’s
vital biological role, recent studies have pointed out melanins
and their derivatives as interesting candidates for the construc-
tion of bioelectronic devices, highlighting their technological
relevance.1–4

Despite the promising opto-electronic properties of melanins,
several of their basic features, such as their macromolecular
structure, optical absorption, luminescence, conductivity and the
origin of their intrinsic paramagnetism, are not satisfactorily under-
stood.5,6 In particular, the presence of stable paramagnetic centers
is widely reported in the literature.5 Such centers are detected
experimentally through a persistent electron spin resonance (ESR)
signal, which is detectable even under extreme experimental condi-
tions.7 The observed responses are sensitive to external factors, such
as pH,8,9 temperature,7,10 illumination,11 the presence of oxidizing/
reducing agents7,12,13 and metal centers,14 in such a way that a wide
range of spectroscopic parameters are reported in the literature
( g-factors, lineshapes and linewidths).

Much of what is currently known about the ESR spectra of
melanins comes from studies of aqueous suspensions or dried

powders because these biomaterials are generally insoluble in
several organic solvents.15,16 Regarding aqueous suspensions, it
is observed that the signals are strongly influenced by the pH.
At neutral and high pHs, an intense and relatively sharp ESR
resonant line is observed. By reducing the pH of the solution,
the ESR spectrum can be shifted to higher magnetic fields
(or lower g-factors), along with signal broadening and intensity
decrease, which is attributed to changes in the chemical
balance of the paramagnetic centers present in the systems.8,9

In general, the concentration of radicals in melanin solutions/
suspensions is discussed in terms of the comproportionation
equilibrium regarding the presence of fully reduced, fully oxidized
and semi-reduced/oxidized monomeric units:

QH2 + Q 2 2SQ* + 2H+ (1)

where QH2 and Q represent ortho-hydroquinone and ortho-
quinone, respectively, and SQ* represents semiquinone free
radical units. The equilibrium is strongly shifted to the left in
such a way that the concentration of radicals, SQ*, is quite low;
typically, there is a ratio of 1 radical structure to 1000 com-
pletely oxidized or reduced structures.5,17 In basic solutions,
the reaction is shifted towards the products, and in acidic
samples, it is shifted towards the reactants.

Now, there is a consensus in the literature that melanin has
two (or even more) paramagnetic centers that are detectable in
both solid state and aqueous suspensions.8,9,18–20 One of these
centers has a g-factor of around 2.003 and is mainly observed in
acidic samples (or dried melanin powders7,20), with no strong
dependence of the spin density on pH and temperature.7,8
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A second center is observed in solutions with high pHs
(or dried materials from basic or neutral samples20), with a
g-factor of around 2.005. The latter is strongly dependent on
pH, presenting a higher spin density with higher sample
basicity;8,9 a slight temperature dependence is also observed.10

Such low-field radicals ( g = 2.005) have been associated with
SQ* species from comproportionation reactions (eqn (1)),5

while high-field paramagnetic species ( g = 2.003) are generally
linked to intrinsic radicals present in the melanin structure.

Recently, Mostert et al., in a study of melanin pellets,
defined these two paramagnetic centers as semiquinone free
radicals (SFR, with g B2.005) and carbon-centered radicals
(CCR, with g B2.003).20 By performing hydration-controlled
experiments, they observed that the ESR spectrum of melanin
in the solid state is dominated by CCR species7 and that very
weak SFR signals could be observed in melanin pellets obtained
from basic (and neutral pH) solutions. This weak component
could be controlled by changing the pH of the precursor
solutions, suggesting that the ESR spectrum of melanin in
the solid state is also influenced by comproportionation reac-
tions. They also observed a quenching of the CCR signals
induced by water (or OH�) content, which was associated with
destacking effects of melanin oligomers. Based on these state-
ments, SFR centers were associated with SQ* species, while
CCR signals were associated with paramagnetic centers located
in the internal regions of the melanin macro-structure (protected
from the environment).20 Nevertheless, the structures associated
with these centers were not discussed.

Following the denomination proposed by Mostert et al., in
contrast to the solid state, the ESR spectrum of melanin in
aqueous solution is dominated by SFR signals, rather than CCR.
However, at low pHs, as shown in the displacement of eqn (1)
towards the reactants, CCR species begin to dominate the signal.

The g-values observed in melanins suggest that unpaired
spins are located on a few units of these macromolecules,
instead of being delocalized, which is reinforced by compara-
tive studies of melanins, as well as by the related relaxation
times.7 Such considerations suggest that relevant information
about the ESR signal of melanins can be obtained by considering
very small sub-units of this material.

In this sense, in order to identify the origin of the para-
magnetic species responsible for the ESR signals of melanin,
we compare the spin Hamiltonian parameters obtained from
the electronic structure calculations for varied redox states of
melanin monomers. Additional calculations involving dimeric
units are also performed to evaluate the robustness of the
results obtained. Finally, we attempt to correlate our findings
with charge transport using the recently proposed ionic–electronic
conductor model.1,3 The results provide important new insights
regarding the nature of the paramagnetic centers observed in
melanins, confirming the existence of two distinct ESR active
groups in this material and pointing out the possible structures
associated with them. Additionally, useful information is also
provided regarding the charge transport mechanisms of mela-
nin, which are important for the application of this material in
bioelectronic devices.

2 Methodology

Fig. 1 shows the evaluated structures associated with distinct
redox forms of DHI and DHICA melanin units.5 Anionic and
cationic species were considered for HQ, IQ and QI structures.
N-def and SQ structures were evaluated as radicals in their
neutral state. The compound N-def was included to investigate
the ESR response of possible synthesis sub-products.

In order to better evaluate the dependence of the ESR
parameters on the position of the lateral groups, 50 distinct
structures were constructed with randomly distributed OH and
COOH dihedral angles for each species presented in Fig. 1. For
IQ-DHI structures, dynamic molecular (DM) calculations were
performed in order to obtain random structures. In this case,
the DM simulation was performed by considering the molecule
in contact with a reservoir at 1000 K during 1 ps (steps with 0.01 ps),
following the methodology described in ref. 21. The Gabedit
computational package was employed for this purpose.22

The obtained geometries were pre-optimized via the PM6
semi-empirical method,23 using an unrestricted Hartree–Fock
(UHF) approach, and then fully optimized using DFT, employing
Becke’s LYP (B3LYP) exchange–correlation functional and the
6-31G basis set in an unrestricted Kohn–Sham (UKS) approach.

The ESR parameters were calculated after full optimization
at the DFT level. Two distinct functionals, B3LYP and Perdew,
Burke and Ernzerhof’s hybridized functional (PBE0), were employed
for comparison. 6-31G** and Barone’s basis sets (EPRII)24 were
employed for the determination of g-factors and hyperfine
constants, respectively. Such combinations of functionals and
basis sets were employed because they usually provide high-
quality ESR parameters for distinct systems.25

The mean values of g-factors and hyperfine constants (hXi)
were evaluated by considering the probability of each structure’s
occurrence, as given by the Boltzmann factor (BF = e�DEi/kBT):

Xh i ¼
P

Xi e
�DEi=kBT

P
e�DEi=kBT

(2)

where Xi represents the value of the parameter X of the i-th
structure ( g-factor or isotropic hyperfine constant), DEi repre-
sents the total energy difference between the i-th structure and
the most stable one, kB represents the Boltzmann’s constant and
T represents the temperature (considered equal to 300 K).

Fig. 1 Studied monomeric structures of melanin.

Paper PCCP



7266 | Phys. Chem. Chem. Phys., 2015, 17, 7264--7274 This journal is© the Owner Societies 2015

In the dimer study, two distinct planar conformations were
initially constructed and fully optimized in their neutral state.
Fig. 2 shows the dimer’s structures, as well as the atom labels
employed in the analyses. Two distinct conformations were
evaluated (identified by the numbers 01 and 02), which differed
in the relative arrangement of the two monomeric units (rotation
of 1801 about the bonds 2–50 and 2–20).

Initial planar structures were considered for both dimers
because preliminary optimization studies have indicated this
configuration to be the most stable, which is in agreement with
other theoretical studies.26 The anionic and cationic structures
were then fully optimized in vacuo in an UKS/B3LYP/6-31G
approach, starting from previously optimized neutral struc-
tures. The g-factor values were evaluated via UKS/B3LYP/
6-31G** and UKS/PBE0/6-31G** approaches.

The energy levels of the frontier orbitals (HOMO – highest
occupied molecular orbital, LUMO – lowest unoccupied molecular
orbital) were calculated by considering Koopmans’ theorem
(EHOMO = EN � EN�1 and ELUMO = EN+1 � EN, where EM

represents the energy of the structure with M electrons).27

The calculations were carried out with the GAMESS28 (optimi-
zation) and ORCA29 (ESR parameters) computer packages. The
MOPAC2012 package30,31 was employed for the pre-optimizations.

3 Results and discussion
3.1 Monomers

Table 1 presents the mean g-factor values obtained from eqn (2)
for the radicalar, anionic and cationic DHI and DHICA melanin
monomers, using both B3LYP/6-31G** and PBE0/6-31G**
approaches. As can be seen, quite similar results were obtained
for the two functionals. In general, distinct redox species
present dissimilar g-factors.

Fig. 3a–c illustrate the g-factor distribution of melanin
monomers obtained from the B3LYP/6-31G** calculations.
Similar results are obtained by using the PBE0/6-31G** approach.
Boltzmann’s factor, which is associated with the probability of the
occurrence of each structure, is presented in the ordinate axes.
The dotted lines represent the mean values presented in Table 1,
which were obtained from eqn (2).

Note that small dispersions are observed around the mean
values. The highest standard deviation is between 0.0003 and
0.0005 for SQ structures, suggesting that the g-factors are not
very sensitive to the position of the lateral ligands of the
monomers.

According to the mean values presented in Table 1 and
Fig. 3a–c, it is possible to define two main groups:
� g o 2.0040:
– radicalar structures: N-def-DHI e N-def-DHICA;
– anionic structures: HQ-DHI e HQ-DHICA;
– cationic structures: HQ-DHI, HQ-DHICA, QI-DHI e QI-DHICA.
� g 4 2.0040:
– radicalar structures: SQa-DHI, SQa-DHICA, SQb-DHI e

SQb-DHICA;
– anionic structures: IQ-DHI, IQ-DHICA, QI-DHI e QI-DHICA;
– cationic structures: IQ-DHI e IQ-DHICA.
In particular, QI-DHI (anion) and QI-DHICA (anion) present

intermediate g-values (B2.0045) as compared to the others.
The above-mentioned results reinforce the hypothesis that

melanin’s ESR signals are composed of at least two distinct
paramagnetic centers. Indeed, the obtained values are compa-
tible with carbon-centered radicals (CCR) and semiquinone
free-radicals (SFR) signals, as proposed in ref. 20.

According to Mostert et al., CCR has g-factors around
2.003, while SFR has g-factors between 2.0045 and 2.0050.
Although our results reinforce this hypothesis, they also indi-
cate that distinct structures are associated with each one of
these centers. The g-values obtained for SQ species are indeed
compatible with SFR signals. However, IQ-anion, IQ-cation and
QI-anion species also have g-factors close to 2.005, indicating
that they could also be associated with SFR centers. On the other
hand, both the HQ charged species, as well as the N-def and
QI-cation structures, present g-factors that are compatible with
CCR signals.

Fig. 4 presents an estimation of the electron affinity (EA)
and ionization potential (IP) associated with each of the
neutral monomeric species presented in Fig. 1 (obtained from

Fig. 2 Numbering used in the analysis of melanin dimers: 2–5 0 (left) and
2–20 (right).

Table 1 Mean values of melanin monomer g-factors obtained from
B3LYP/6-31G** and PBE0/6-31G** calculations

Structure Species B3LYP/6-31G** PBE0/6-31G**

HQ-DHI Anionic 2.00255 2.00257
Cationic 2.00314 2.00314

HQ-DHICA Anionic 2.00328 2.00332
Cationic 2.00353 2.00352

IQ-DHI Anionic 2.00567 2.00571
Cationic 2.00544 2.00550

IQ-DHICA Anionic 2.00563 2.00571
Cationic 2.00554 2.00553

QI-DHI Anionic 2.00451 2.00454
Cationic 2.00328 2.00336

QI-DHICA Anionic 2.00461 2.00466
Cationic 2.00336 2.00338

N-def-DHI Cation radical 2.00272 2.00273
N-def-DHICA Cation radical 2.00317 2.00318
SQa-DHI Free radical 2.00550 2.00558
SQa-DHICA Free radical 2.00573 2.00581
SQb-DHI Free radical 2.00519 2.00523
SQb-DHICA Free radical 2.00564 2.00574
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IP = E(N � 1) � E(N) and EA = E(N) � E(N + 1),27 where E(M)
represents the total energy of monomeric species with M electrons).

All structures present IP values higher than 0.25 eV and
absolute EA values lower than 0.10 eV. In particular, negative EA

values are observed for HQ structures, indicating that the
incorporation of one electron into these monomers is accom-
panied by an increase in their energy. This result, however,
does not mean that HQ-anion species cannot be encountered in

Fig. 3 Distribution of melanin monomer g-factors obtained from the B3LYP/6-31G** approach: (a) anionic, (b) cationic and (c) radicalar structures.
Dotted lines indicate the mean values obtained from eqn (2).
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a melanin macro-structure. It only suggests that HQ-anions
are less probable than other anionic structures. In fact, distinct
IP and EA values are expected in extended oligomers (dimers,
trimers, tetramers, etc.).5,32 Thus, the values presented in Fig. 4
merely show a trend. For example, we can observe that the
absolute IP values are, in general, higher than the EA values,
indicating that anionic monomers are more easily generated
via simple electron transfer than cations. This result suggests
that negatively charged species are more likely than cationic
structures to be associated with the melanin’s ESR signal. In
this context, given the g-values obtained for the charged struc-
tures, HQ-anions are promising candidates for CCR species,
while IQ-anions and QI-anions can be linked to SFR signals.
Nevertheless, it is also important to keep in mind that proto-
nation processes can also take place in these systems. Thus,
cationic and N-def species could also be generated from the
attachment of H+ onto the structures with unprotected lateral
oxygens (such as IQ, QI and SQ) or onto the nitrogen of the
HQ structures.

Let us focus on the paramagnetic centers observed experi-
mentally in melanin derivatives. The g-factors from our calcula-
tions suggest that N-def, HQ-anion, HQ-cation and QI-cation
can be associated with CCR signals. In general, the ESR signal
of melanin in aqueous solutions is dominated by SFR species.
However, by reducing the pH, a shift in the spectra towards
higher magnetic fields (lower g-factors) is observed, which can
be attributed to the CCR signal. In this case, the presence of H+

ions in the system could be responsible for the annihilation of
the competing SFR species (a shift in the comproportionation
reaction toward reactants), followed by two distinct effects:
(i) the stabilization of negatively charged subunits of melanin
located in internal regions of the macromolecules, suggesting
the relevance of HQ-anionic structures, or (ii) the protonation
of the monomeric units located at the interface of melanin’s
macro-structure and the solvent, leading to the formation of
protonated species, such as HQ-cation and N-def. Because
unprotected oxygens are present in the structure of QI-cation,
the protonation process cannot explain the generation of such

species in the system, thus eliminating this structure as an
active CCR component.

In spite of its plausibility, the hypothesis associated with the
protonation of melanin units at the interface is unlikely.
Experimentally, the spin density shows no dependence on pH
in acidic solutions. In other words, the concentration of spins is
approximately constant for pHs below 7.8 This observation
suggests that an increased concentration of H+ ions in the
systems does not induce the formation of new ESR active
centers, discrediting the sub-unit protonation hypothesis.
Apparently, at a low pH, the SFR species are consumed by
comproportionation reactions (eqn (1)), while CCR paramagnetic
centers, which were already present in the system, are not affected
and begin to dominate the spectrum.

These considerations suggest that CCR signals can be asso-
ciated with anionic HQ units located in the internal regions of
melanin’s macro-structure. N-def species created by the incom-
plete cyclization of L-DOPA (instead of protonation reactions)
could also be considered as another possible CCR structure.
Both of these species must be located in the internal regions
of the melanin macro-structure and thus be protected from
the action of chemical species from the solvent, such as OH�

groups and protons, which is in good agreement with the work
of Mostert et al.20

Indeed, this proposal is compatible with the temperature
dependence of the melanin ESR signal in solid-state and
aqueous suspensions.7,10 Because CCR species are protected
from the environment, the influence of temperature should
be weak, so the ESR signal of dried material shows a Curie
dependence on T (signal proportional to T�1).7

In relation to the SFR paramagnetic centers, our results
suggest that the SQ, IQ-anion, IQ-cation and QI-anion structures
are possible ESR active species. Because SFR species dominate
the ESR signal in high pHs, it is very unlikely that IQ-cation
structures contribute. This structure shows a high PI value and
cannot be obtained via protonation processes in basic solutions.
In this sense, the SFR paramagnetic centers must be mainly
associated with IQ-anion, QI-anion and SQ radicals. Indeed,
similar structures associated with all of these species could be
generated from H+ abstraction. Additionally, it is known that
SFR signals are more sensitive to temperature than CCR, which
suggests that their concentration depends on the reaction rates
among chemical species present in the solvent and the sub-units
of melanin located at the macro-structure surface.10

In order to better evaluate the expected spectroscopic char-
acteristics of each of the proposed structures, the hyperfine
coupling constants were calculated. Tables 2 and 3 show the
average values of the isotropic hyperfine constant, Aiso, obtained
via the B3LYP/EPRII approach (through eqn (2)). Fig. 5 shows the
atom numbering adopted for hydrogen and nitrogen atoms
in both the DHI and DHICA monomers. Similar results were
obtained by using PBE0/EPRII.

In general, DHICA monomers (Table 3) show less intense
hyperfine interactions than DHI (Table 2), suggesting the existence
of an increased spin delocalization on these compounds.
This effect is probably induced by the presence of the carboxylic

Fig. 4 Electron affinity and ionization potential of HQ, IQ and QI mono-
meric structures of melanin.
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group, which is responsible for the withdrawal of electrons
from the rings.

Another interesting feature regarding the CCR and SFR
signals is the difference observed in the ESR spectral linewidth
at low (CCR-dominated) and high (SFR-dominated) pHs. It is
experimentally observed that basic samples show signals with higher
linewidths than acidic samples (DH1/2),8 which suggests, among
other factors, the existence of stronger (and/or more unresolved)
hyperfine couplings in CCR species than in SFR species.

In this context, the relatively high values of Aiso associated
with HQ-anion and N-def species (with respect to SQs) reinforce
the hypothesis that these structures can be assigned to the CCR
signal. In particular, the higher hyperfine constants observed in
these monomers are not associated with the common polymer-
ization sites of melanins (sites 2, 5 and 8, as presented in
Fig. 1), so they should be observed in larger structures (dimers,
trimers, etc.). SQ, IQ-anion and QI-anion species, on the other
hand, show smaller hyperfine constants, which are also com-
patible with SFR signals with smaller linewidths. Additionally,
the highest Aiso values of these structures are linked to sites 2,
5 or 8, which are typical polymerization sites for melanin,
so even lower hyperfine couplings are expected for these
structures in fully polymerized material. The same trends are
observed for DHI and DHICA derivatives, with a greater disper-
sion of the hyperfine contribution for DHICA.

Another piece of relevant information is that the mean Aiso

values of HQ cationic species are generally lower than those related
to SQs, suggesting once more that HQ-cation species are not
associated with CCR signals. However, it is also important to keep
in mind that the larger linewidths observed in the CCR signal
could also be associated with the co-existence of ESR active species
with distinct g-factors (g-strain effect) that cannot be explained by
the structural features of the monomers (low dispersion of the
g-factors, as shown in Fig. 1), so the existence of other species in
the systems, like HQ-cations, cannot be totally discarded.

In summary, both the analyses involving g-factors and
hyperfine constants indicate that SFR signals are mainly asso-
ciated with SQ, IQ-anion and QI-anion species, whereas CCR
signals are mostly related to HQ-anion and N-def species located
in internal regions of the melanin macro-structure.

3.2 Dimers

In order to investigate whether the trends obtained for melanin
monomers will also be observed for larger structures, we eval-
uated the g-factors of two melanin dimers commonly reported in
the literature.33,34 Such structures were also identified as the most
likely dimeric structures based on monomer reactivity studies
(to be published). The structures evaluated are presented in Fig. 2.

Tables 4 and 5 show the results obtained for dimers 2–50 and
2–20 in conformations 01 and 02 using different functionals.

Table 2 Mean values of the hyperfine coupling constants obtained via DFT/B3LYP/EPRII for the hydrogen and nitrogen atoms of DHI monomeric
structures

Atom number (Fig. 5)

Aiso (mT)

HQ-DHI IQ-DHI QI-DHI

N-def-DHI SQa-DHI SQb-DHIAnion Cation Anion Cation Anion Cation

1 0.019 0.122 0.124 0.390 0.064 0.294 0.316 0.019 0.073
2a 0.054 0.078 0.031 0.607 — — 2.455 0.110 0.028
2b — — — — — — 2.622 — —
3 0.564 0.729 0.427 0.080 0.336 0.042 0.265 0.074 0.624
4 0.028 0.133 0.054 0.708 0.052 1.182 0.728 0.092 0.142
5 0.353 0.072 0.341 1.044 0.329 0.364 0.316 0.617 0.216
6 0.400 0.220 — — — — 0.003 — —
7 1.644 0.342 — — 0.083 0.262 0.063 0.132 0.138
8 0.256 0.086 0.166 0.675 0.051 0.274 0.169 0.193 0.544
Average 0.415 0.223 0.190 0.584 0.153 0.403 0.771 0.177 0.252

Table 3 Mean values of the hyperfine coupling constants obtained via DFT/B3LYP/EPRII for the hydrogen and nitrogen atoms of DHICA monomeric
structures

Atom number (Fig. 5)

Aiso (mT)

HQ-DHICA IQ-DHICA QI-DHICA

N-def-DHICA SQa-DHICA SQb-DHICAAnion Cation Anion Cation Anion Cation

1 0.086 0.094 0.101 0.417 0.080 0.291 0.162 0.017 0.024
2a 0.180 0.163 0.044 0.647 — — 1.510 0.094 0.077
2b — — — — — — 1.511 — —
3 0.091 0.024 0.041 0.010 0.015 0.026 0.075 0.005 0.040
4 0.519 0.062 0.154 0.641 0.313 1.135 1.072 0.198 0.226
5 0.471 0.080 0.562 0.959 0.574 0.328 0.351 0.755 0.223
6 0.009 0.341 — — — — 0.006 — —
7 0.333 0.269 — — 0.043 0.276 0.071 0.106 0.128
8 0.172 0.065 0.089 0.799 0.021 0.292 0.150 0.176 0.639
Average 0.233 0.137 0.165 0.579 0.174 0.391 0.546 0.193 0.194
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Fig. 6 illustrates the g-factor distribution of the dimers for
B3LYP/6-31G** (average values taken from conformations
01 and 02). The g-factor calculations were not performed for
structures 2–50/IQHQ-02, 2–50/SQIQ-01 and 2–20/IQQI-02,
because it was not possible to obtain stable structures for these
conformations. However, as can be seen from the analysis of
other dimers, a good estimate of the parameters for these
structures can be obtained via their conformers.

In fact, very similar results are obtained for the 01 and 02
conformations for all dimers and in both approaches. First, let
us analyze the dimers composed of two equal units, which are
referred to here as ‘‘homo-structured dimers’’: HQHQ, IQIQ,
QIQI and SQSQ. In all these structures, essentially, we observe
the same g-factors already obtained for the monomeric units
in the 2–20 and 2–50 dimers. Variations are observed for the
SQSQ-cation structures.

Regarding ‘‘hetero-structured’’ dimers, the sequence that
determines the influence of the monomeric units in the
dimer’s g-factor is as follows: HQ o QI o IQ. Anomalous
behavior is observed for SQ-based dimers, for which we have
observed higher g-factor values than those obtained for SQ
monomers. In general, the g-factor of anionic dimers is domi-
nated by species that present unprotected lateral oxygens
(O-unprotected structures); this trend is observed for both the
2–20 and 2–50 dimers. In the case of cationic structures, the IQ
and HQ units have a greater influence, so intermediate g-factors
(in relation to the monomeric building blocks) are obtained for
HQIQ (IQHQ), HQQI (QIHQ) and IQQI (QIIQ) structures. For
the 2–50 dimer in particular, it can be observed that the
monomeric unit connected through site 2 (represented in
the vertical position in Fig. 2) has a greater influence in the
g-factors of the dimers than the unit connected through site 50

(represented in the horizontal position in Fig. 2). The greater
influence of O-unprotected structures in the g-factor of the
hetero-structured dimers indicates that the ESR signal of
melanins is dominated by SFR species (IQ-anion, QI-anion
and SQ species), which is indeed compatible with the experi-
mental results.

Notice, from Tables 4 and 5, that the attachment of SQ
monomers to all the other units results in dimeric species with
g-factors higher than 2.006, suggesting the presence of more
confined paramagnetic centers in these structures than would
be predicted for SQ monomers. This result indicates that SQ
species may not be directly linked to SFR signals ( g = 2.005). In
this context, IQ-anion and QI-anion are more plausible candi-
dates because the g-values of dimers containing these units
have not shown significant changes in relation to the mono-
mers, still being compatible with the SFR signal. Indeed, more
recent versions of comproportionation reactions indicate that
IQ-anion occupies the place of the SQ* units in eqn (1), which is
in good agreement with our results.1,20

In summary, the results suggest that the main features of
the ESR spectrum of melanin can be interpreted in terms of
sub-units of this material, reinforcing the hypothesis that the
unpaired electrons, which are responsible for the ESR signals,
are indeed located on just a few molecular units.7

Fig. 5 Labels adopted for hydrogen and nitrogen atoms for the study of
hyperfine constants: DHI (left) and DHICA (right) monomeric structures.

Table 4 g-factor obtained for different structures of the 2–5 0 dimer via
B3LYP/6-31G** and PBE0/6-31G**

Dimers 2–50 Species

Conformer 01 Conformer 02

B3LYP PBE0 B3LYP PBE0

HQHQ Anionic 2.00274 2.00275 2.00274 2.00276
Cationic 2.00297 2.00296 2.00296 2.00295

IQIQ Anionic 2.00545 2.00557 2.00532 2.00539
Cationic 2.00511 2.00511 2.00527 2.00526

QIQI Anion 2.00479 2.00496 2.00454 2.00470
Cationic 2.00293 2.00291 2.00293 2.00289

SQSQ Anionic 2.00572 2.00572 2.00620 2.00620
Cationic 2.00555 2.00562 2.00570 2.00598

HQIQ Anionic 2.00532 2.00537 2.00537 2.00542
Cationic 2.00381 2.00388 2.00370 2.00380

IQHQ Anionic 2.00547 2.00557 2.00529 2.00539
Cationic 2.00489 2.00487 — —

HQQI Anionic 2.00457 2.00463 2.00426 2.00430
Cationic 2.00329 2.00329 2.00347 2.00344

QIHQ Anionic 2.00509 2.00516 2.00500 2.00507
Cationic 2.00323 2.00330 2.00342 2.00351

IQQI Anionic 2.00483 2.00496 2.00447 2.00455
Cationic 2.00458 2.00448 2.00507 2.00503

QIIQ Anionic 2.00537 2.00553 2.00496 2.00509
Cationic 2.00361 2.00377 2.00368 2.00383

HQSQ Free radical 2.00488 2.00497 2.00461 2.00468
SQHQ Free radical 2.00625 2.00636 2.00618 2.00629
IQSQ Free radical 2.00529 2.00540 2.00516 2.00523
SQIQ Free radical — — 2.00647 2.00672
QISQ Free radical 2.00496 2.00517 2.00515 2.00539
SQQI Free radical 2.00633 2.00646 2.00620 2.00637

Table 5 g-factor obtained for different structures of the 2–20 dimer via
B3LYP/6-31G** and PBE0/6-31G**

Dimers 2–20 Species

Conformer 01 Conformer 02

B3LYP PBE0 B3LYP PBE0

HQHQ Anionic 2.00276 2.00278 2.00275 2.00277
Cationic 2.00304 2.00303 2.00296 2.00294

IQIQ Anionic 2.00593 2.00610 2.00608 2.00625
Cationic 2.00571 2.00531 2.00532 2.00507

QIQI Anionic 2.00469 2.00484 2.00467 2.00481
Cationic 2.00290 2.00287 2.00294 2.00288

SQSQ Anionic 2.00556 2.00558 2.00562 2.00563
Cationic 2.00831 2.00885 2.00852 2.00904

HQIQ Anionic 2.00551 2.00560 2.00555 2.00565
Cationic 2.00484 2.00472 2.00476 2.00465

HQQI Anionic 2.00514 2.00522 2.00525 2.00534
Cationic 2.00350 2.00355 2.00352 2.00357

IQQI Anionic 2.00551 2.00566 2.00545 2.00554
Cationic 2.00461 2.00443 — —

HQSQ Free radical 2.00633 2.00645 2.00641 2.00653
IQSQ Free radical 2.00656 2.00668 2.00660 2.00672
QISQ Free radical 2.00739 2.00755 2.00768 2.00777
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3.3 Considerations regarding charge carriers in melanin

Since the 1970s, the electrical and optical properties of mela-
nins have been explained by considering them to be natural
amorphous semiconductors.3,35 In this context, the widely
reported dependence of the electrical conductivity of melanins
on the hydration level of the samples has been interpreted in
terms of the Mott–Davis amorphous semiconductor model
(MDAS).3 Such an interpretation, however, was controversial
because the observed dependence was so strong that no elec-
trical conductivity could be observed in fully dried samples.36

Recently, via the hydration-controlled electrical characteri-
zation of melanin-based devices, Mostert and collaborators
have demonstrated that the response of wet samples is not
compatible with MDAS predictions.1,37 By using muon spin
relaxation and electron paramagnetic resonance measure-
ments, they suggested that melanin behaves like a hybrid
ionic–electronic conductor. In this context, it was proposed
that the hydration level of the samples can perturb the com-
proportionation equilibrium in the solid state in such a way

that eqn (1) is shifted toward the products for hydrated samples,
providing protons and electrons for conduction (self-doping
mechanisms). Mostert et al. also demonstrated that CCR
species could not be directly linked to melanin conductivity,
suggesting that SFR units dominate the electronic transport of
the material.

In the context of the present work, such information
suggests that SFR species act as sources of electrons for con-
duction, while CCR species act as electron (or hole) traps in the
samples. The study of charge transport in melanins is not
within the scope of this paper. However, we believe that simple
energy level analysis could provide some relevant clues to
outline the nature of the charge carriers present in the material
and then bring additional information regarding CCR and SFR
species to light.

Fig. 7 shows the energy levels of frontier orbitals associated
with melanin monomers: the highest occupied molecular orbital
(HOMO), the lowest unoccupied molecular orbital (LUMO) and
the singly occupied molecular orbital (SOMO – for radicalar
structures*).

Fig. 6 g-factor distribution of melanin dimers obtained from the B3LYP/6-31G** approach (average values obtained from structures 01 and 02):
(a) dimer 2–20 and (b) dimer 2–50.
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Let us first evaluate the CCR species. In Sections 3.1 and 3.2,
we have proposed that CCR species could be associated with
HQ-anion and N-def structures, both of which are present in
the internal regions of melanin macromolecules. However,
given the energy level alignments presented in Fig. 7 and the
interpretation of melanin’s conductivity proposed in ref. 1,
we can conclude that N-def structures are more appropriate
candidates. N-def should act as an electron/hole trap in melanin
macromolecules (with a difference in energy between 3.5kT and
5.9kT for HQ units and even higher for the other units), which is
in agreement with the findings of Mostert et al.1 On the other
hand, if CCR centers were linked to HQ-anions, a significant
contribution should be expected from these species in the
electrical conductivity of melanins, which was not observed.

However, the interpretation regarding SFR is not so direct.
According to Fig. 7, if SQ units were generated via a com-
proportionation reaction, the conductivity of melanins should
be dominated by holes. On the other hand, if IQ-anion and
QI-anion structures were formed, the conductivity should be
dominated by electrons.

In the case of SQ formation, given the high level of align-
ment observed among all the units, efficient hole transport is
expected to occur in bulk melanin. Because no energetic
barriers are present in the material, SFR formation should be
followed by hole diffusion to bulk melanin and strong CCR
annihilation via hole capture in N-def defects, which is not
compatible with the experimental results. Indeed, only very
weak consumption of CCR centers is observed after melanin
hydration (which has been attributed to melanin destacking
effects).20 Additionally, if melanin electronic transport was
dominated by SQ units, a very high electronic conductivity
should be expected for this material, which is not observed
(except at the ‘‘on’’ state of the melanin threshold switch).

In the case of IQ-anion or QI-anion formation, on the other
hand, electron-dominated transport is expected to be hindered by
internal HQ units (acting as energetic barriers to the charge carrier),

turning the transport of electrons in the bulk into a more
difficult task than that related to the holes (material with lower
conductivity). In addition, the consumption of CCR species by
electrons is not expected to be an efficient process, because it
should be limited by the higher energetic disorder of the
material for electron transport, which is more compatible with
the experimental results.

An additional feature that must be stressed in the case of
charge transport dominated by IQ-anion/QI-anion is that the
electron transport should occur preferentially by hopping
between IQ�/QI� - IQ0/QI0 and IQ�/QI� - IQ�/QI� species
(M0: neutral structures), where the last defines a spin-
dependent process involving the formation of dianions.38

Because SFR species are expected to be formed mainly on
the surface of melanin macromolecules (the interface between
melanin and water molecules), such transport should essen-
tially occur through pathways on the material surface, and
then, it must be very sensitive to electron spin resonance
techniques, suggesting that new electrical characterization
tools could be employed to evaluate the charge transport
of melanins.

Still, in this context, another relevant feature favoring the
association of IQ-anion and QI-anion with SFR species is
the threshold switch phenomena observed in melanins. As
reported by McGinness et al.,35 the intense electrical current
obtained at the ‘‘on’’ state of melanin-based devices could
not be associated only with the ionic conduction of water
molecules, suggesting the existence of additional charge trans-
port processes (probably associated with an electronic com-
ponent due to SFR species formation). By considering the
consumption of HQ units via comproportionation reactions
(possibility intensified by local pH gradients39), the generation
of IQ-anion and QI-anion species on the surface of melanin’s
macromolecules could establish a very efficient percolative
electron pathway, which could be partially responsible for the
observed threshold switch.

Fig. 7 Energy level alignments of frontier orbitals of melanin monomers: (i) the lowest unoccupied molecular orbital (LUMO), (ii) the highest occupied
molecular orbital (HOMO) and (iii) the singly occupied molecular orbital (SOMO) for radicalar structures (*).
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4 Conclusions

ESR parameters, such as g-factors and hyperfine interaction
constants, were evaluated for various monomers and dimers of
melanin via electronic structure calculations, using a DFT approach.
Anionic, cationic and radicalar structures were evaluated.

A reasonable number of initial structures were considered in
the optimizations, and a wide dispersion of the parameters was
observed. The results obtained confirm the presence of at least
two groups of structures with different g-factors, which have
already being experimentally observed and classified as carbon-
centered radicals (CCR) and semiquinone free radicals (SFR).
Based on the g-factors and hyperfine constants obtained for the
monomeric units, we associate CCR species with HQ-anion
and N-def structures and SFR species with SQ, IQ-anion and
QI-anion structures.

The g-factors of dimeric oligomers suggest that the ESR
spectrum of larger structures may be interpreted in terms of
the parameters obtained from the monomers. In general, we
have noted that the spectra of larger structures are dominated
by species with unprotected oxygens. The following order of
dominance is observed: HQ o IQ o QI. Dimers based on SQ
species showed very high g-factors, suggesting that these species
are not directly related to the SFR signal, contrary to what is
normally suggested in the literature.

Simple analyses involving the energy levels of the monomers
and charge transport processes suggest that CCR species are
more compatible with N-def structures than HQ-anion struc-
tures. In turn, SFR species are more associated with QI-anion
and IQ-anion structures than SQ structures. Such results provide
relevant information regarding the nature of melanin charge
carriers, suggesting that charge transport in these materials can
also be accompanied by spin-dependent processes.
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