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Disclosed herein is the first experimental evidence for a direct correlation between the broadband visible light absorption
(“blackness”) and the coexistence of reduced and oxidized substructures in a set of model polymers from isomeric

dihydroxynaphthalenes structurally related to fungal melanin (mycomelanin) from 1,8-dihydroxynaphthalene. Excellent

linear plots (r> = 0.97 and 0.94) were determined between the integrals of featureless absorbance curves over the 400-800

nm range, the electron spin density values in the EPR spectra and the width of selected oligomer peak clusters in the MALDI-

MS spectra. Blackness, which is shown to be strongly interrelated with electron spin density, is thus proposed herein as a

robust index of redox inhomogeneity and electron complexity reflecting the shift of oligomer populations toward highest

oxidation states.

Introduction

Melanins, a characteristic group of insoluble phenolic polymers
found widespread in Nature from humans to mammals, plants
and fungi, display typical dark colorations and an outstanding
combination of optoelectronic,® free radical,2 antioxidant,3
metal chelating and semiconductor-like properties® that raise
considerable interest for manifold applications in materials
science and biomedicine.®® Although commonly implicated in
the photoprotective role of the nitrogenous eumelanins® and
in the radioprotective capacity of the nitrogen free allomelanins
in certain fungi, i.e. Aspergillus fumigatus or Cladosporium
sphaerospermum,! the origin of the black chromophore, that is
the “blackness”, is still unclear. The variable degree of blackness
that characterizes both natural and synthetic melanins has
traditionally been suggested to reflect a complex interplay of
interrelated structural factors rooted in different levels of
chemical disorder.12.13 |n particular, the darker colors have been
ascribed to excitonic effects reflecting strong intermolecular
perturbations between the various chromophoric components
sustained by efficient aggregation.#17 In support of this view,
model studies on a soluble eumelanin-like polymer produced by
oxidation of glycated 5,6-dihydroxyindole (DHI) units have
shown that the intensity of the visible chromophore depends
on the coexistence of reduced and oxidized units and is a
function of concentration/aggregation.4
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Transient spectral hole burning, a manifestation of high
chemical heterogeneity, has recently been detected by means
of femtosecond broadband transient absorption spectroscopy
on DOPA melanin.?

Besides traditional model polymers from DOPA or DHI, a
valuable yet little investigated platform for inquiring into the
origin of melanin chromophore is provided by synthetic fungal
allomelanin (mycomelanin) mimics produced by oxidative
polymerization of 1,8-dihydroxynaphthalene (1,8-DHN) and
related precursors. Studies of 1,8-DHN polymers have shown a
deep black color associated with an unusually intense EPR signal
and potent antioxidant effects, far exceeding those of the
nitrogenous eumelanin from DHI.18 Studies of the structure,
properties 1,8-DHN
mycomelanin led to the identification of the main oligomer
intermediates, displaying the 2,2’-, 2,4’, and 4,4’-coupling
patterns (Figure 1), a chemistry reflecting the reactivity of

and mechanism of formation of

transient phenoxyl radical intermediates.19.20

Recently, a re-examination of melanin properties has led to a
revisitation of the traditional chemical disorder paradigm in
terms of a more sophisticated model based on interrelated
levels of chemical complexity, which however has not yet been
assessed within a solid framework of quantitative structure-
property relationship.2!

As an attempt to fill this gap, we investigated herein a set of
synthetic melanin polymers produced from isomeric
dihydroxynaphthalenes (DHNs) with a view of highlighting
possible correlations between visible absorption properties,
electron spin density and oligomer redox states. Aim of the
study was to probe whether “blackness”, a typical feature of
melanins, can be qualified as an emergent property associated
with redox disorder and can thus be regarded as an index of -
electron complexity underlying most physicochemical
properties and biological roles.
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Figure 1. First stages of the oxidative polymerization of 1,8-DHN.

Results and discussion

DHN substrates for melanin synthesis included, besides
naturally occurring 1,8-DHN, 1,6-dihydroxynaphthalene (1,6-
DHN), 2,7-dihydroxynaphthalene (2,7-DHN) and 2,6-
dihydroxynaphthalene (2,6-DHN), the only one generating an
inter-ring quinone, whereas those producing intra-ring
quinones (i.e. 1,2-DHN and 1,4-DHN) were not considered
because of the expectedly different chemistry. Polymers from
1-naphthol (1-HN) and 2-naphthol (2-HN) were also included as
reference materials for structure-property relationship (Figure
2).

OH OH OH

O 0.

1,8-DHN HO 1,6-DHN 2,6-DHN
OH

2,7-DHN 1-HN 2-HN

Figure 2. Selected (di)hydroxynaphthalenes.

The mode of polymerization of the isomeric DHNs was initially
investigated via spectrophotometric analysis of the oxidation
reactions. The latter were conducted by a standard biomimetic
protocol involving the oxidation of the substrate with the

2| J. Name., 2012, 00, 1-3

horseradish peroxidase (HRP)/H.0, system in 0.1 1 phospbate
buffer at pH 7.0.19 DOI: 10.1039/DOPY00700E
The spectrophotometric analysis revealed marked differences
both in the rate of development and nature of the resulting
chromophores, in line with broadly different chemistries. In
particular, while 1,6-DHN exhibited an oxidative behaviour
quite similar to that of 1,8-DHN,2° leading to the rapid
development of a dark coloration associated with the formation
of absorption maxima set in the 400-700 nm region, 2,7- and
2,6-DHN underwent a slower oxidation process with the
development of an absorption maximum centered around 400
nm and long tails in the visible spectrum (see ESI Section). After
24 h reaction time, synthetic melanins were collected and a
similar procedure was adopted also for the reference
compounds 1-HN and 2-HN.

Visual inspection of the polymers indicated three different
types of colorations, namely: a) dark-brown (poly-1,6-DHN and
poly-1,8-DHN); b) deep coloration, e.g. bluish-green (poly-2,7-
DHN) or violet (poly-1-HN); and c) light-colorations (poly-2,6-
DHN and poly-2-HN) (Figure 3: insets). In agreement with the
visual characteristics, poly-1,8-DHN and poly-1,6-DHN exhibited
the typical melanin-like broadband absorption profiles, poly-
2,7-DHN and poly-1-HN showed intense maxima in the UV and
a low absorption in the visible region of the spectrum whereas
poly-2,6-DHN and poly-2-HN showed intense maxima only in
the UV region of the spectrum (see ESI section).

To investigate the absorption properties of the synthetic
melanins under conditions devoid of significant scattering
effects, the chromophore development was monitored during
the formation of melanin thin films by ammonia induced solid
state polymerization (AISSP).2223 This procedure involves the
exposure of DHN thin films, produced by spin coating from
methanol solutions, to an ammonia atmosphere equilibrated
with air to induce autoxidative polymerization in the solid state.
After 24 h the polymerization was complete and each of the thin
film, exhibiting quite similar thickness (see ESI Section), was
subjected to spectrophotometric analysis.

As shown in Figure 3, after exposure to ammonia vapors only
the thin films from 1,6-DHN developed the typical dark brown
coloration of melanic polymers, as previously reported in the
case of 1,8-DHN.22 On the other hand, the spectra from 2,7- and
2,6-DHN melanin thin films revealed the presence of the same
absorption maxima of the starting DHNs derivatives with an
appreciable growth in the absorbance around 400 nm along
with long tails in the visible region of the spectrum. These
results confirmed different reaction pathways for the oxidative
polymerization process of the various DHNs tested both in
solution and in the solid state.

To integrate the spectroscopic characterization of the synthetic
melanin polymers, EPR spectra were recorded on the solid
polymer sample. Data reported in Table 1 showed that the g-
factor values for all the polymers were slightly lower than those
measured for nitrogenous eumelanins from DHI and DHICA,
suggesting a more pronounced C-centered radical character in
the fungal melanin mimics. This difference is likely due to the
lack of o-semiquinone moieties in the former polymers.
Moreover, significant differences were evident for the spin

This journal is © The Royal Society of Chemistry 20xx
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density values of the DHN melanins examined despite no
appreciable variation in the AB values.
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Figure 3. UV-visible spectra of 1,6-DHN (A), 2,7-DHN (B) and 2,6-DHN (C)
thin films on quartz before (red trace) and after (black trace) AISSP. The
insets show pictures of the thin films.

Notably, very intense signals, exceeding that of DHI melanin,
were recorded for poly-1,6-DHN and poly-1,8-DHN, with spin
density values close to 10'° spin/g whereas a relatively weak
signal with a spin density of 7.5 x 1015 spin/g was registered in
the case of poly-2,6-DHN.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. EPR parameters of synthetic melanins. Experimental \L/mce/&tetlir}tieos Fre
+0.0003 on g-factor, +10% on spin density and +0.2 &ﬁnﬁ%%;%og\?;wggg

Synthetic g-factor AB (G) Spin density
mycomelanins (spin/g)
Poly-1,8-DHN*® 2.0030 4.8 8.1x 108
Poly-1,6-DHN 2.0030 4.8 9.1 x 10'®
Poly-2,7-DHN 2.0030 4.6 5.6 x 10Y7
Poly-2,6-DHN 2.0027 4.8 7.5 x 10%°
Poly-1-HN 2.0030 4.0 2.1 x10Y
Poly-2-HN 2.0032 5.2 2.8 x 10'®

A first inspection of the data collected from these sets of
analyses pointed to similar trends with regards to blackness and
electron spin density, suggesting a common background of
redox and electronic properties in the oligomer m-systems. On
this basis, the existence of possible correlations between the
optical and paramagnetic properties of DHN melanins and the
redox state of the oligomer components was investigated.

To this aim, MALDI-MS spectra were then recorded for all
melanins examined, both on bulk polymers and in films
produced by AISSP (see ESI section). The results were in line
with those reported in previous studies on the synthetic 1,8-
DHN polymer181® and on the 1,8-DHN-based allomelanin
extracted from M. fijiensis.2* Largely regular patterns of
oligomers with a repeating unit of 158 Da and matching series
of [M+Na]* and [M+K]* species were detected for all polymers,
up to the 13-mer in the case of poly-1,6-DHN and poly-1,8-DHN.
A lower degree of polymerization was apparent in the case of
poly-2,6-DHN and poly-2,7-DHN, not exceeding the 10-mer as
the last detectable level. These latter were the melanins with
the lighter coloration and lower spin density levels.

All spectra denoted a relative structural integrity of the
polymers, a feature which is usually not observed in the case of
synthetic indole-based eumelanins from DHI and DHICA.25-27
Likewise, poly-1-HN and poly-2-HN showed sequential patterns
of peaks (up to the 15-mer) separated by 142 Da, relative to
[M+H]* species.

Closer inspection of the clusters in the MALDI mass spectra
revealed however subtle but significant differences among the
polymers and provided important information on their redox
state and behavior. In particular, in the case of poly-1,6-DHN
and poly-1,8-DHN each cluster was made of pseudomolecular
ion peaks ([M+Na]?*), for the fully reduced oligomeric structures,
accompanied by peaks at lower m/z values, compatible with
oxidized species (quinone-type or phenoxyl radical). These
features of the peak clusters were consistent with the
availability to each oligomer level of various oxidation states
corresponding to sequential losses of H atoms (see ESI Section).
This evidence was previously reported in the case of the
oxidative polymerization of 1,8-DHN, for which the formation of
stable phenoxyl radicals and quinonoid forms has been
supported on the basis of laser flash photolysis experiments and
computational calculations.2®

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Comparison of the clusters of the [M+Na]* pseudomolecular ion peaks for the 4-mer (IV) and 10-mer (X) oligomeric species of synthetic melanins.

A second relevant observation in poly-1,6-DHN and poly-1,8-
DHN was that cluster complexity increased with increasing
oligomer molecular weight, as shown in Figure 4 when
comparing the clusters of the polymer at the early stage (4-mer
stage) with those of the grown polymer (10-mer stage). Finally,
the relative height of the pseudomolecular ion peaks for the
fully reduced species usually decreased with increasing
molecular mass, in accord with a shift of the dominant member
of the cluster toward higher oxidation levels (lower m/z values).
Overall these data indicated that higher oxidation levels with
higher degrees of electronic/redox disorder become prevailing
at higher levels of polymerization. A lesser degree of
electronic/redox disorder was deduced by inspection of the
clusters of poly-2,7-DHN and poly-2,6-DHN, for which ion peaks
for the fully reduced state prevailed at each oligomeric stage.

Consistent with the above data, the mass spectra of the films
registered in the MALDI mode confirmed the main features of
the polymers in the bulk form (see ESI section). The dominant
peaks were assigned to singly-charged distributions, up to 15
repeating units in the case of 1,8-DHN. The mass spectra of the
films suggested also that the polymers formed under the AISSP
conditions were characterized by a more pronounced structural
integrity with respect to polymers obtained by oxidative

polymerization in solution. The presence of regular clusters of
peaks centered around the expected pseudomolecular ion peak
confirmed a limited proportion of oxidized naphthalene units
also in the solid state. All spectra confirmed moreover the lack
of detectable incorporation of ammonia during exposure to the
gas to promote aerial oxidation.

Given the apparently higher complexity of the oligomer clusters
in those melanins which displayed the darkest colorations and
the highest electron spin densities, the existence of possible
correlations between melanin optical properties, spin density
and redox state was finally investigated.

To this aim, the integrated areas of the featureless absorption
curves of thin films in the visible region (400-800 nm) were
plotted against the full width at half maximum (FWHM)
measured for the Gaussian best-fit on the [M+Na]* 10-mer
cluster in the MALDI mass spectra for the four melanin samples
investigated. A similar plot was also generated from the
electron spin density and FWHM values.

The data reported in Figure 5 indicated excellent linear
correlations in both cases, supporting the view that melanin
properties are
prominent manifestations of redox and m-electron disorder.

black chromophore and paramagnetic

Page 4 of 7
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Figure 5. Trends of the integrated areas of the absorption curves of melanin thin
films in the visible region (400-800 nm) from UV-vis spectra (A) and spin density
(SD) from EPR spectra (B) with the full width at half maximum (FWHM) of the
[M+Na]* 10-mer cluster in the MALDI mass spectra.

Although some caution needs to be exercised before taking
MALDI-MS analysis as a reliable index of redox disorder, the
observed broadening of peak clusters with increasing oligomer
molecular weight and the consistent dominance of reduced
states in the light colored melanin from 2,6-DHN would support
the validity and meaningfulness of the FWHM parameter for the
purposes of this study.

Conclusions

Comparative analysis of a set of synthetic melanin polymers
from isomeric DHN derivatives disclosed clear-cut correlations
between visible absorption properties, oligomer size, redox
state dispersion and EPR spin density. It is concluded that
blackness is a primary index of m-electron complexity, rather
than of simple structural disorder, caused by strong
intermolecular perturbations of m-electron systems within a
range of redox states coexisting at each oligomer population
level (Figure 6). This concept, as corroborated by on-going
studies on structure-property relationships in complex redox
organic polymers, may open new vistas on the way to a systems
chemistry entry to melanin-type functional materials for
tailored applications.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Schematic representation of the correlation between blackness and redox state disorder in melanin polymers.
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