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Melanin is a ubiquitous pigment in living organisms with multiple important functions, yet its structure
is not well understood. We propose a structural model for eumelanin protomolecules, consisting of 4 or 5
of the basic molecular units (hydroquinone, indolequinone, and its tautomers), in arrangements that
contain an inner porphyrin ring. We use time-dependent density functional theory to calculate the optical
absorption spectrum of the structural model, which reproduces convincingly the main features of the
experimental spectrum of eumelanin. Our model also reproduces accurately other important properties of
eumelanin, including x-ray scattering data, its ability to capture and release metal ions, and the
characteristic size of the protomolecules.
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Melanin is the most important chromophore in human
skin and a ubiquitous pigment in animals, plants, and
microorganisms, but its purpose and function [1,2], and
its detailed structure and properties remain controversial
[3,4]. In humans, melanin is synthesized in melanocytes
and exists in two main forms, the brown-black eumelanin
and the red-yellow pheomelanin; its synthesis begins with
hydroxylation and oxidation of tyrosine leading to oligo-
mers of indole units (in eumelanin) and benzothiazine
derivatives (in pheomelanin) [5]. The widely accepted
function of melanin is photoprotection from solar uv light
[6,7], but a variety of other roles have also been proposed:
skin coloration, camouflage, adornment, thermoregulation,
vitamin D synthesis regulation, regulation of skin sensitiv-
ity to frostbite, antioxidant behavior, drug and metal-ion
binding, and conversion of optical energy to electrical
energy and heat [1,2]. Melanin has also been implicated
in Parkinson’s disease [8], age-related macular degenera-
tion [9], and malignant melanoma [10], the most aggres-
sive type of skin cancer. The lack of an established
structural model makes the interpretation of melanin’s
properties and function problematic.

Native skin melanin is difficult to isolate and study.
Alternative types of melanin have been employed as reli-
able models, including synthetic melanin, melanin from
the ink sack of the cuttlefish Sepia officinalis, and melanin
extracted from human and animal hair employing various
chemical processing methods [11]. In eumelanin, the basic
units are oligomers stacked and otherwise linked together
to form a substance with the characteristics of amor-
phous semiconductors [12]. The consensus is that the
molecular units comprising eumelanin are 5,6-
dihydroxyindolequinone or hydroquinone (DHI or HQ),
its redox forms indolequinone (IQ) and tautomers
quinone-methide (QI1) and quinone-imine (QI2), and
5,6-dihydroxyindole 2-carboxylic acid (DHICA). How
these units are put together to form the oligomers (proto-

molecules) of melanin has not yet been established, leaving
a basic gap in our understanding of its structure.

We propose and study here a new model for the structure
of the protomolecules of eumelanin. Our model provides a
natural explanation of the basic characteristic properties of
eumelanin. We support this proposal with extensive first-
principles quantum mechanical calculations of the struc-
tural, electronic, and optical properties of the protomole-
cules, which are in excellent agreement with available
experimental data.

We first identify the crucial characteristics of eumelanin,
which a structural model should reproduce: (a) While x-ray
studies from synthetic melanin and melanin from Sepia
officinalis [13–16] cannot uniquely determine the struc-
ture, they do provide important constraints, of which some
distinct features are the following: (i) the protomolecules
are relatively small in size, which is interpreted to corre-
spond to tetramers or pentamers of the HQ, IQ or QI
monomers; (ii) the protomolecules appear to be stacked
in planar graphiticlike arrangements. Existing atomic-scale
models [14,15,17,18] are not able to explain the finite size
of the protomolecules, but rely on artificial constructs
restricted to oligomers, by randomly linking the mono-
mers. (b) The tautomers of IQ, QI1, and QI2 are present
in chemical analysis of the melanin particles [19,20]. Thus,
it is not unreasonable that they are also components in the
melanin protomolecules. This is puzzling, however, be-
cause these particular monomers are shown by theoretical
analysis [21,22] to be higher in energy than the tautomeric
indolequinone, and should therefore have small to negli-
gible concentration (13% for the methide form and 0.1%
for the imine form, relative to IQ, at 300 K [22]). On the
other hand, experiment also shows that these tautomers
cannot be the sole ingredient of the protomolecules of
melanin [19]. (c) Melanin has the ability to capture and
release metal ions without any apparent change in mor-
phology [4,23]; this has been interpreted as indicative of a
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structure which allows the efficient transport of metal ions
without damage. A metal-ion binding capacity of one ion
per 3–4 monomer units has been assigned by experiments
[23]. (d) The most characteristic and challenging behavior
of melanin is its very broad and smooth absorption spec-
trum in the uv and visible range, 700–200 nm (1.7–
6.2 eV). This behavior is central to some of its biological
functions, such as the blocking of uv radiation, and is
puzzling because it lacks any of the sharp features typical
of other key biomolecules in the uv range.

The basic idea behind our model for the melanin proto-
molecules is illustrated in Fig. 1: the four constituent
molecules, IQ, HQ, QI1, and QI2, are linked by covalent
bonds between the C2 and C7 atoms, exclusively. This
creates an interior ring where all the N atoms reside, in
an arrangement similar to porphyrin; that is, the N atoms
are separated by three successive covalently bonded C
atoms. In the tetramer, two adjacent monomers are posi-
tioned so that the major axis, which passes through C2 and
bisects the bonds between C8-C9 in the pentagon and C5-
C6 in the hexagon in one monomer, is perpendicular to the
corresponding axis of the next monomer. We note that a
tetramer is the smallest unit that can be formed in this
manner. A trimer would put the two aforementioned axes
on adjacent monomers at an angle of 60�, creating signifi-
cant strain in the inner ring which would render this
structure unstable. We have created pentamers following
the same rule, and we find that, although less stable than
the tetramers, they are not unstable due to strain (the two
aforementioned axes of adjacent monomers are at a 108�

angle). On the other hand, hexamers are unstable, because
the two axes of adjacent monomers are at an angle of 120�,
which brings the O6 atom of one monomer close to the H-
C3 atom of the next, creating steric hindrance. Thus, the
rule of creating rings in the manner described above natu-

rally explains why the smallest protomolecule consists of
four and the largest of five monomers, as suggested by the
available experimental evidence [13–16]. This is already a
significant improvement over any other attempt to create
the oligomers out of the monomers in a natural manner,
accounting for property (a) mentioned above. The forma-
tion pathway of such tetramers should also be favorable
because the most stable binding sites to form a dimer are
C2 and C7 [24]. In the following, we concentrate for
simplicity on tetramer protomolecules.

There are 21 possible arrangements of four individual
molecules in a tetramer if we restrict the QI form to one
type (either methide, QI1, or imine, QI2). We have per-
formed calculations to obtain the formation energy of
tetramers starting with monomers in vacuum, and found
that of the 21 possible tetramers, the eight that contain no
QI have large negative formation energy (endothermic
reaction), the six that contain one QI have small positive
formation energy (weakly exothermic reaction), and the
eight that have two or three QIs have large positive for-
mation energy (strongly exothermic reaction). Finally, the
one that contains exclusively four QIs has small positive
formation energy. We employed two different and widely
used methodologies to perform these calculations within
first-principles density functional theory [25,26], and the
two sets of results, shown in Fig. 2, are in very good overall
agreement.

These results give a remarkably clear explanation of
experimental indications that QIs may play a role in the
structure of eumelanin, even though they are energetically
disfavored compared to the tautomeric indolequinone, as
discussed in property (b) above: A tetramer without any
QIs has 4 H atoms attached to the N atoms in the inner ring,
which produce strong steric repulsion. Even the presence
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FIG. 1 (color online). A tetramer composed of IQ-QI2-HQ-
QI2 (gold � C, red � O, blue � N, and white � H). Atoms in
the QI2 monomer are numbered in the standard notation.
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FIG. 2 (color online). Formation energies of the various tet-
ramers labeled by the first letter of the constituent quinones, I for
IQ, H for HQ, and Q for either QI1 or QI2. The bars correspond
to results for the two different forms of QI, as obtained from the
SIESTA code (first two, red-shaded bars) or from the VASP code
(second two, green-shaded bars).
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of 3 H atoms in the inner ring (only one QI unit in the
tetramer) appears unfavorable. The presence of at least two
or three QIs (only 1 or 2 H atoms in the inner ring) is
favorable. We emphasize that if QIs were not involved in
the synthesis of tetramers it would not invalidate our
model, which only relies on the assumption that the inner
porphyrinlike ring contains at most 2 H atoms bonded to N
atoms. This could be the result of reactions that remove H
atoms from N in the IQ or HQ units during or after
formation of the ring. The existence of several structurally
similar and energetically equivalent tetramers is consistent
with the recently proposed chemical disorder model [27].

There are eight structures containing 1 or 2 H atoms in
the inner ring, among the total of 21 structures that we
considered for each of the two types of QI. In the follow-
ing, we concentrate on those structures; we refer to them as
the dominant tetramers. It is also possible to create struc-
tures with mixed QI1 and QI2 units, which would further
contribute to chemical disorder [27].

The calculated structure factor S�q� and radial distribu-
tion function (RDF) based on our model are shown in
Fig. 3. The RDF is derived through Fourier transform of
S�q� and contains an additional term 4�r2�s, with �s the
average density, following the procedure of Ref. [14] with
the same parameters. The 3D stacking of tetramers is

essential to reproduce the very first peak in the experimen-
tal S�q�. We therefore form 3D arrangements by stacking
three layers of the planar tetramer units and vary the
relative distances and orientation between the layers. In
the optimal arrangement, the tetramers are shifted by 3.1 Å
in both lateral directions and rotated by 30� between
adjacent layers, which are separated by 3.3 Å. The RDF
for this arrangement produces an excellent fit to the ex-
perimental data. In addition, the resulting density of
1:30 g=cm3 agrees well with the experimental value for
tyrosine melanin (1:27 g=cm3) [14]. A significant success
of the present model is the peak around 3.00 Å, which no
other model reproduces adequately [14]. This peak is due
to the presence of the inner ring in the tetramer and
corresponds to distances between the N atoms and their
third neighbors in the inner ring (the C2 or C8 atoms in the
neighboring monomers). We emphasize that only a regular
structure like the porphyrinlike inner ring can produce this
feature in the RDF, which is lost when the monomers are
linked in a more random fashion. In fact, existing structural
models produce a second peak in the RDF which is broader
than the measured peak [14], precisely because they lack
the regularity of the inner ring structure, whereas the
second peak produced by our model is as sharp as the first
peak, as in experiment [13,14]. Nevertheless, it is plausible
that other structural models could also reproduce experi-
ments well.

Our model also accounts naturally for the capture and
release of metal ions by melanin. The inner ring of the
tetramer structure we propose is identical to that in por-
phyrin. Three of the eight dominant tetramers, QHQH,
QHQI, and QIQI, which have the highest formation energy,
contain exactly two nonadjacent H as porphyrin does. It is
known that porphyrin can capture and release a variety of
metal ions. Consequently, the tetramers should exhibit
similar behavior. This provides a natural explanation of
the property (c). Indeed, the reported binding capacity of
one ion per 3–4 monomer units [23] is in agreement with
our model.

Finally, a crucial test of the atomic-scale structure of
melanin is whether it can reproduce the experimentally
observed optical absorption spectrum. Accurate calcula-
tions of optical absorption spectra are computationally
very demanding. We have performed such calculations
based on time-dependent density functional theory, which
reproduces well the experimental spectra of various bio-
logical molecules [28]. The results are shown in Fig. 4. The
individual tetramers have of course sharp features, as do all
biological molecules with specific structure. However, a
structure formed by putting together a random collection of
the dominant tetramers, stacked in units of three or four
high in a manner analogous to graphite, is likely to show no
sharp features. An average of the spectra of the 16 domi-
nant tetramers we have studied produces a largely feature-
less spectrum, except for two weak and broad shoulders at
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FIG. 3 (color online). Calculated structure factors S�q� and
radial distribution functions (RDF) of the DHI monomer, the
tetramers, and the three-layer model. Experimental data are
presented for comparison (from [14]). The tetramer curves are
averaged over the dominant structures (see text).
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around 350 nm and around 240 nm. They are also observed
in some experimental studies [27], mainly for melanin
structures with incomplete oxidization. It is quite remark-
able that individual tetramers have sharp features, but these
are eliminated when the average is taken, in agreement
with the chemical disorder model [27]. Thus, our model
produces an optical absorption spectrum entirely consis-
tent with experiment, as discussed in property (d) of mela-
nin. The spectra of the four individual monomers are also
shown in Fig. 4. By comparison, the absorption by mono-
mers has completely died out at about 350 nm and all
absorption beyond this range is due to delocalized elec-
tronic states introduced by the tetramer structure. The
range below 200 nm, where all monomers have strong ab-
sorption, is typically cutoff in experimental measurements.

The slope of the calculated optical absorption curve
indicates that the structure proposed here would corre-
spond to very dark (black) color, consistent with experi-
mental reports for DHI-rich eumelanin [29]. We expect the
presence of pentamers and related variations of the simple
tetramer structure to produce further broadening of the
spectrum, in accordance with the chemical disorder model
[27]. We have also constructed planar hydrogen-bonded
arrangements of the tetramers, which indicates that large
two-dimensional structures can be formed easily. Such
arrangements may also contribute to broadening of the
absorption spectrum. Moreover, we have not directly ad-
dressed the issue of melanin derived from DHICA, which
generally has lighter color [29] and is likely to have a
different structure. The model proposed here provides a
basis for a theory of the properties and biological function
of melanin.
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FIG. 4 (color online). Absorption spectrum of the superposi-
tion of dominant tetramers (thick black line, shifted up by 1.5
units for clarity). Individual tetramer contributions are given by
the thin colored lines and monomer spectra are also shown
(shifted down by 1 unit for clarity).
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