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Abstract

Melanins are an essential natural pigment found throughout nature. Due to their inherent
biocompatibility, optical and electronic properties, the melanins are attracting attention as model
materials for sustainable organic optoelectronic and bioelectronic applications. Standard melanin
is notoriously insoluble, which complicates processability considerably. Hence, the creation of
synthetic derivatives that have similar optical-electronic properties but with increased solubility
are avenues of active investigation. In this work, we investigate soluble non-functionalized (NF)
and sulfonated (S) melanin derivatives. So far, these new synthetic derivatives' optical and
electrical properties have not been explored in full, which would allow their effective application
in optoelectronic devices. Our optical results suggest that these materials have a high refractive
indices and also high dispersion and chromatic aberration. In addition, no significant differences
in NF-melanin's charge transport deposited from pure water or aqueous ammonia solution were
observed, and S-melanin's functional groups did not affect the hydration-dependence conductivity,
only its sensitivity to environmental humidity. The similarities and differences in spectra and

values comparing NF and S-melanin are discussed based on their structural differences.

Keywords: Melanin; melanin derivatives; optical properties; electrical properties; bioelectronic

materials.



Introduction

The melanins are an important class of biological pigment found throughout nature.! These
materials can be divided into different systems such as eumelanin, pheomelanin, neuromelanin and
allomelanins, representing different molecular building blocks.!~ In the human body, melanins are
believed to be involved in a variety of processes ranging from photoprotection, accumulation and

45 radical scavenging,® antimicrobial behavior’ and multifunctional

release of metal ions,
antioxidant.>® Paradoxically, they have also been implicated in melanoma skin cancer and
neurodegenerative diseases like Parkinson's and Alzheimer's.® As a materials class, the melanins
garner a growing interest from physicists, chemists and material scientists for potential applications
in biomedical and technological settings, including surface coatings, nanomedicine, bioelectronics

and sustainable organic optoelectronics. Particularly, melanins have been used in a series of
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common electronic components such as batteries,”!? capacitors,'*>"'® light-emitting diodes,
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memories, photoelectrodes,?* solar cells and transistors.

A central endeavor for modeling and design optimization for (bio)organic optoelectronics
devices is the ability of producing homogeneous and smooth device-quality thin-films and
accurately understanding their optical and electrical properties. In this regard, the most common
category eumelanin (or, hereafter, termed melanin for simplicity') has presented great difficulty
due to its notorious insolubility.! From a practical technological perspective, using a high pH
alkaline solution to disperse synthetic melanin is a straightforward approach.’! Nonetheless, the
high pH environment could induce structural alterations as a result of oxidative degradation.’

Since solubility is a key issue in processibility, a strategy is to make a highly soluble
“melanin” that retain its other desirable material properties.>’>® One approach to this end is to use
positive oxygen pressures of the standard synthetic melanin procedure, which yields a water-
soluble material with a slight higher oxidation state and a higher amount of carboxylic groups,
implying a material with closer characteristics to natural melanin.*>” The water solubility is of great
appeal since it could deliver efficient charge transport®® in a biocompatible medium.

Another method to obtain soluble melanin-based materials is the introduction of an exotic
functional group to the melanin structure. In such a case, the melanin precursor's oxidation in
dimethylsulfoxide (DMSO) creates a sulfonated melanin. The presence of the sulfonated groups

improves the solubility of sulfonated melanin in DMSO, N-Methyl-2-pyrrolidone (NMP) and N, N-

dimethylformamide (DMF), but has been shown not to affect other interesting properties such as
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biocompatibility,*® redox activity, paramagnetism, and, most importantly, the ability to
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produce homogeneous and device-quality thin-films.!**%324%42 On top of that, the sulfonated
groups' presence has allowed such derivatives to be easily deposited on both hydrophilic and
hydrophobic surfaces, which amplifies their potential range for devices applications.

To understand the molecular engineering and the properties one would want to conserve, a
brief overview of melanin's chemistry and properties is required by way of introduction. Synthetic
melanin is a macromolecular system synthesized from two monomers, 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) and their different redox states of
hydroquinone (HQ), semiquinone (SQ), indolequinone (IQ) and quinone imine (QI) (see Figure
1(a)).** These monomers react to form small oligomers that then self-assemble in m—n-stacked
supramolecular units of different sizes with an interplanar spacing of 3.7 A.'* This molecular
system yields physicochemical properties like broadband UV-Vis absorbance! and stable free-
radical structures,'***> biocompatibility! and hydration-dependence conductivity.**->0 The
underlying structure-property framework has been termed ‘the structural disorder model’ reflective
of the diversity of molecular types, redox states, packing and assembly. Melanins’ macroscopic

properties are thus derived from ensemble averages over the structural disorder.
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Figure 1. (a) The building block monomers of non-functionalized melanin. (b) Proposed building
blocks of sulfonated melanins.>! R = H (for DHI species) or R = COOH (for DHICA species).

The above-mentioned optical and conductive properties have been of interest for many years.
The first is intimately linked by medical diagnostics,’?* UV-shielding'®** and as optical contrast
in photoacoustic imaging;>> the second by the aforementioned (bio)organic electronics
applications. The electrical response of melanin is usually correlated with its redox
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chemistry, since the humidity level can modulate a chemical self-doping effect by

releasing protons into the water matrix.** Such hydration-effect is of great importance due to its
ability to change the conductivity by orders of magnitude.**46:4%-57

However, even with the significant advantages of the non-functionalized (NF-melanin) and
sulfonated (S-melanin, Figure 1(b)) soluble derivatives, there has been no systematic study of their
optical and electrical behavior. In fact, among these samples, only for sulfonated melanin there are
a few reports about its electrical response from earlier conductivity as a function of temperature,
electrochemical measurements,*’ and some speculation from their free-radical property.*! Hence,
herein we report an extensive study on the optical and electric behavior of melanin’s soluble
derivatives. As a control, the standard (insoluble) synthetic melanin was used for comparison. Our
results provide valuable information for melanin and melanin-like optoelectronics and

bioelectronic device applications and extend the structure-property understanding in these

important functional biomaterials.

Experimental
Non-functionalized melanin synthesis:>"*

5 g of 3,4-dihydroxyphenyl-DL-alanine (DL-DOPA; Sigma-Aldrich) was dissolved in 2 L
of deionized water. Ammonia (NH3; Sigma-Aldrich, 28 %) was used to adjust the mixture to pH
8. The solution was kept under constant stirred and with air bubbling for three days. After the third
day, concentrated hydrochloric acid (Sigma-Aldrich, 25%) was used to adjust to pH 2 and
precipitate the melanin. The aggregated solution was filtered, washed several times using deionized
water, and dried overnight under ambient conditions to yield a black and insoluble powder (named
NFMel-I).

0.3 g of DL-Dopa was dissolved in 60 mL of MiliQ water (18 MQ cm). The mixture's pH
was adjusted to be between 8 and 10 by the addition of 400 uL of ammonium hydroxide (NH4OH;
Synth, 28-30%). The solution was kept stirring at room temperature (~27°C) and oxygenated using
an air pump for three days (NFMel-S) or in a 150 mL stainless steel reactor with an internal
pressure of 6 atm of industrial oxygen gas for 6 hours (NFMel-6P). After this period, the solution
was placed in a 3500 MWCO dialysis membrane with MiliQ water as a dialysate medium for
approximately four days. Finally, soluble black powders were obtained after drying the aggregated

solutions in an oven at 90 °C for two days.



Sulfonated melanin synthesis:>*>>

In 200 mL of DMSO (PA, Vetec, 99.9%), 1.50 g of DL-DOPA and 0.93 g of benzoyl
peroxide (Vetec, 75.0-80.0 %) were dissolved in a flask. This mixture was kept under magnetic
stirring for 58 days at room temperature (SMel) or eleven days in a temperature-controlled silicone
bath at 100 °C with a reflux condenser attached to the flask (SMel-T). For extraction and
purification, the reaction solution was concentrated to % of the initial volume and then 150 mL of
acetonitrile (Synth, 99.5%) was added to the concentrated solution. The new solution was allowed
to stand for two days and, afterward, it was centrifuged at 2500 rpm for 15 minutes. The precipitate
was dried in the oven at 90 °C for two days.

0.45 g of DL-DOPA was dissolved in 60 mL of DMSO. The solution was placed in a 150
mL stainless steel reactor and stirred with 4 atm of O; internal pressure for six days (SMel-4P) or
8 atm for three days (SMel-8P). The same extraction and purification procedure described for SMel
and SMel-T was followed.

All commercial chemicals were used without further purification.

Melanin thin-films

Melanin thin-films were prepared by two-step spin-coating (500 rpm for 5 s and 2000 rpm
for 60 s) with 30 mg/mL solution. The NF-melanin solutions were prepared by dissolving 30 mg
of the respective sample in 1mL of a mixture of deionized water and ammonia (1 H>O:2 NH3 %v
for NFMel-I or 3 H>O:2 NH3 %v for NFMel-S and NFMel-6P), stirred for 1 hour at 50 °C and then
ultra-sonicated for 1 hour. After the sonication, the solution was filtered with a 0.45 um
Hydrophobic PTFE filter (Cole-Parmer). Additionally, S-melanin solutions were prepared by
dissolving 30 mg of the sample in 1 mL of anhydrous DMSO (Sigma-Aldrich, > 99.9%) or
anhydrous NMP (Sigma-Aldrich, > 99.5%) or anhydrous DMF (Sigma-Aldrich, > 99.8%), stirred
for 1 hour at 50°C and then filtered with a 0.45 um Hydrophobic PTFE filter (Cole-Parmer).

The films were deposited onto two sets of substrates: glass slides (25 x 25 mm) for UV-Vis-
NIR spectroscopy and silicon wafers (10 x 10 mm) for ellipsometry. The glass slides were initially
cleaned with a soap solution (Alcanox®), rinsed in water; ultra-sonicated in acetone (15 min),
followed by 2-propanol (15 min), and dried under a flow of nitrogen. The silicon wafers were
cleaned similarly to the glass with a soap solution (Alcanox®) and rinsed in water, but they were
ultrasonicated two times in acetone (10 min each), followed by two times in 2-propanol (10 min

each) and dried under a flow of nitrogen. Both substrates were treated with UV-ozone (20 min)
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prior to melanin deposition.

We also performed an elemental analysis of the samples via X-ray photoelectron
spectroscopy to confirm the composition of the films. The data was obtained via an XPS wide-
scan survey spectrum of the deposited films utilizing a Kratos Axis Supra using a 225 W AlKa X-
rays with an emission current of 15 mA and equipped with a quartz crystal monochromator with a
500 mm Rowland circle. Spectra were collected with a pass energy of 40 eV, with the hybrid lens
setting, 0.1 eV step size, 1 s dwell time for electron counting at each step. The integral Kratos
charge neutralizer was used as an electron source to eliminate differential charging. As previously
demonstrated. The atomic composition (atomic concentration in at% and atomic ratio) can be seen
in Table S1. Surface scans of these melanins are representative of the bulk and the composition is

compatible with melanin derivatives as previously demonstrated.>®

Optical measurements

Transmission and reflectance spectra were obtained on standard glass slides using a 150 mm
diameter integrating sphere coupled to a Lambda 950 UV-Vis-NIR spectrometer (Perkin-Elmer).
A wavelength range between 2100 and 300 nm, a wavelength step of 5 nm, a scan rate of 5 nm at
923.6 nm/min and a slit width of 5 and 2 nm for PMT and InGaAs detectors were used. To evaluate
if our films scatter, we have measured the normal transmittance in a standard mode and using an
integrating sphere. The spectra showed in Figure S1 (in Support information) indicate that there
are few differences between both setups, which indicates no significant scattering effect from our
samples. Such behavior is compatible with earlier studies that showed that the optical properties
of melanin are due to electronic nature, i.e., actual aborption.’!

Ellipsometry measurements were taken with a J. A. Woollam M-2000 spectroscopic
ellipsometer equipped with a xenon lamp source over a wavelength range of 370-1700 nm.
Simulation analysis of the Variable Angle Spectroscopic Ellipsometry (VASE) experiment in 1
nm steps with incidence angles of 65°, 70°, and 75° relative to the surface normal was used to

determine the optical constants using the CompleteEASE software (v. 5.23).

Electronic structure calculations
Distinct units of NF- and S-melanins were considered to estimate the refractive indices. The
molecules were designed with the aid of the Molden computational package.> Molecular dynamics

calculations at high temperature were conducted to identify the most stable structures, as reported
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in ref *'. All the conformers were pre-optimized in a Hartree—Fock approach using the PM6
semiempirical approximation as implemented in the MOPAC2016 computational package.®® The
most stable structures were selected and fully optimized in the framework of the density functional
theory (DFT) using the B3LYP®! hybrid exchange-correlation functional and 6-31G(d,p) basis set
on all the atoms, with the aid of Gaussian 09 computational package.

The refractive indices n of the molecules were theoretically predicted from the macroscopic

optical susceptibilities,® y, as follows:

n = T+ amy (M)

where,

N &'

X = ; (2)
1-(*/3)Na
I'*Ny* pm

N=— """ 3
i 3)

r Qiso
 4me, )

1

Aiso = § (axx +ayy, + azz) (5)

N is the density of molecules, o' represents the volume of polarization, I is coefficient of 10°, N,
is the Avogadro’s constant, p,, the mass density, M the molar mass and &y the vacuum permittivity.
aiso represents the polarization constant, which was estimated via DFT/B3LYP/6-31G(d)

calculations.

Device fabrication and electrical measurements

Glass slides (10 mm x 10 mm) were cleaned with Alcanox®, rinsed in water, ultra-sonicated
in acetone (15 min), 2-propanol (another 15 min), and dried under a flow of nitrogen. Then, 50 nm
thick gold interdigitated electrodes with 100 pm length and 11.2 mm width channel was thermally
evaporated. The electrodes were finally treated with UV-Ozone (5 min) and, soon after, melanin
was spin-cast at 500 rpm for 5 s followed by 1500 rpm for 60 s. At least six different pairs of
electrodes from two different substrates were used.

Humidity-dependent measurements were carried out using a JANIS Research Cryogen Free



Micromanipulator probe station attached to a steam delivery system (whose schematics is
discussed in detail elsewhere*”). The JANIS chamber was initially pumped down to vacuum (~10
2 mbar) overnight using a rotary pump to ensure that all samples were completely dried. Degassed
water vapor was introduced sequentially into the system to obtain four hydration levels: 0, 40, 80,
and 100 %. Since the material system is a mixed ionic/electronic conductor, a 4-point measurement
would be counterproductive, because both ionic and electronic charge carriers can’t be injected
and extracted simultaneously at the contacts. Therefore, the current-voltage data were measured
using a Keithley 2450 with two-point electrodes using a step voltage of 0.02 V. Consistent
geometry and contacting electrode ensures at least a good relative comparison between materials
and within a hydration curve. The voltage was swept forward and backward from -1 to 1 V to
prevent electrochemical water splitting into hydrogen and oxygen, which occurs at a potential
difference of 1.2 V, and reduced additional systematic uncertainty in the measurement. Electrical
impedance spectroscopy was performed sweeping through a frequency range from 102 Hz to 10*
Hz only at the 100% hydration level with a two-electrode cell and Metrohm Autolab
PGSTAT302N with FRA32M module. A sine wave, 0.1 V of amplitude and 10 frequencies per
decade were used. EIS spectra were simulated using the ZView-impedance Software (v. 2.8d). The
low voltage amplitude (with no DC bias) does not transgress previously published voltages for
redox activity in either sulfonated melanins*’ or non-functionalized melanins.®* Furthermore, our
geometry and voltages (<0.2 V) would not induce redox activity as reported elsewhere, as
supported by the lack of a 2™ low frequency semicircle in our EIS data.*® As such, the
measurement does not induce redox activity and captures the electronic/ionic currents, as is the
purpose of this work. However, future work aimed at elucidating the redox activity should include

DC bias to EIS measurements.*®

Atomic Force Microscopy characterization

Atomic force microscopy (AFM) was used to measure the surface morphologies of the
films. A JPK NanoWizard II (Bruker) system was used in tapping mode with Sharp Nitride Lever
(SNL-10, Bruker) probes. 5x5um scans were obtained at three locations per sample. Data analysis
was performed using Gwyddion®® software; polynomial background and row alignment processes
were used before extracting roughness parameters. 1x1um regions were also selected away from
larger features to obtain roughness parameters that were representative of the underlying film. Data

is presented in the Supplementary Information.



Results and discussion
Optical properties

The transmittance and reflectance as a function of wavelength (1) of each melanin derivative
are displayed in Figure 2 (and Figures S2-S4). In most cases, it is possible to divide the
transmittance spectra into three different regions. The first and the last one is dominated by the
glass substrate (AGlass < 350 nm and Agiass > 850 nm), while the intermediate region is dominated
by the melanin thin layer (350 > Amelanin < 850 nm). As shown in Figure 2(a, b), the melanin
transmittance spectra show an exponential decay in the visible region with a sudden drop at high
energies. Such behavior is related to a high absorbance in the ultraviolet and visible areas.
Additionally, the NF-melanin films displayed high transmission at 500 nm, around 75.6% from
alkaline solution (H>O+NH3) and 83.5% from a neutral solution (distilled water); whereas for S-
melanin 82.8% from DMSO, 77.1% from DMF and 84.6% from NMP solutions. Furthermore,
reflectance lower than 15% was obtained for all samples Figure 2(c, d). We note that the films did
not suffer any eye-distinguishable brown colored changes (Figure S5), which implies that the
intensity differences for both transmittance and reflectance are most likely due to film thickness

variations.
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Figure 2. Transmittance (a, b) and reflectance (c, d) spectra of NF-melanin (a, ¢) and S-melanin
(b, d). Similar features can be observed for other solvents.

The absorbance can be calculated from a simple relation of the transmittance and reflectance
spectra, A = 1 — T — R, assuming that the optical scattering is negligible. As shown in Figure S1,
the scattering of our films is negligible, again indicative of high-quality thin films. Hence, the
above relation is valid to calculate the absorbance. Their values were normalized by the film
thickness (estimated from the optical transmission spectra®®) are shown in Figure 3 and Figures
S6-S7. This also highlights, that even for some films exhibiting small particles on the surface
(Figures S8-S11 and Table S2), which may act as scatterers, they did not do so and as such the
absorbance is most likely due to the bulk film. As can also be seen, there is no essential change in
the qualitative behavior between both sample groups; that is, the absorbance spectra exhibit a

featureless decaying response as a function of increasing wavelength. However, it is possible to
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note that there are quantitative differences in intensity. This could indicate that in sulfonated
melanin derivatives, the light-absorbing chemical moieties are present in smaller quantities than
non-functionalized ones. Usually, melanin chromophores can be defined by the conjugation length
of absorbing species and different oxidized and reduced chromophores units.>>*” Therefore, the
optical absorbance differences can reflect the differences in oligomeric structures due to the
presence of the sulfonated groups. Melanins also tend to aggregate, reducing solubility and
increasing light absorbance and dispersion.’® Hence, S-melanin's lower absorbance and better
solubility compared to NF-melanin could be partially explained if one considers that the first is
composed of smaller structures with a low degree of aggregation, as shown in earlier studies,'**>%
probably due to the sterical hindrance of the sulfonated group. Future studies with small-angle
neutron scattering and small-angle X-ray scattering will be essential to understand in full its
macrostructure. Also, it has been proposed that the functionalization occurs at the hydroxyl group

of indole monomeric structure,’! which could, by itself, perturb the interactions between the

oxidized and reduced moieties in the polymer chain, affecting its optical response.
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Figure 3. Calculated absorbance spectra normalized by the film thickness of NF-melanin and S-
melanin. Similar behavior was found for NFMel-S & NFMel-6P in pure water and S-melanin in
NMP and DMF solutions.

As mentioned in the Introduction, melanins are used as model materials for biocompatible
optoelectronic applications, which means that other important properties to study are the optical
constants, i.e., extinction coefficient (k) and refractive index (7). Figure 4 shows the VASE spectra

and the optical constant for thin-films of NFMel-I in H;O+NH3 and SMel-T in DMSO. A three-
12



layer model was employed to fit the ellipsometry parameters A(4) (delta) and P(4) (psi): 1)
polycrystalline silicon as substrate, i1) native silicon oxide, and iii) a homogeneous synthetic
melanin coating. Considering that melanin is a high-absorbing and amorphous material, a multi
oscillator Tauc-Lorentz dispersion model was used to determine its optical properties.”” We have
also tried to use a single-layer Bruggeman effective medium approximation to account for any
additional roughness of the melanin layer; however, no improvements in the fit were obtained.

Therefore, to avoid over parameterization, we constrained our fit with only three layers.
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Figure 4. VASE spectra (a, c) and optical constants (b, d) of NFMel-I in H O+NH3 (a, b) and
SMel-T in DMSO (c, d). Similar behavior was obtained for the other samples, but with different
intensities (Figure S12).

From the extinction coefficient, we have calculated the absorption coefficient («) using the

relation a = L“;—k. The melanin's absorption behavior increases with the wavelength (Figure S13)
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and it is in line with solution measurements.>>3® The refractive indices of NF and S-melanin

7071 and despite presenting a similar form, the spectra have shown

increase towards higher energies
different magnitudes with no observed pattern (Figure S12). To obtain the refractive index of each
melanin derivative, n(4) was fitted to the Cauchy equation, n(1) = ncquen + Ecaucn A%, Where
&caucn 18 a proportionality factor.%®”! The ncauch (for A — o0) of all samples is summarized in Figure

5.

1751 m H,O+NH, ' m DMSO-
x170{ ® H,0 DMF ]
o A NMP |
£ 1.65+ ; A
o : Z A ]
= 1.604 T .
g ] # F------- % ————— A------ {1.58
= 155'_—* ——————————————— ' " = 1154
) T d
o 1.504 # T 5
1.45+ .

NFMel-l NFMel-S NFMel-6P SMel  SMel-T  SMel-4P  SMel-8P

Figure 5. Refractive index values, following (1) = Ncquen + Ecauch A2 With A — oo, for NF-
and S-melanin. The left side legend indicates the refractive index scale; whereas the right side, the
average value of the refractive index for NF-melanin (1.54 £+ 0.06) and S-melanin (1.58 £ 0.04),
represented by the pink- and violet-colored dashed lines.

The relative invariance of the refractive indices between the different melanin derivatives
was unexpected due to the sulfur atom's well-known ability to increase n of many other
materials.”® It is known that high packing density materials can have high-n values (n > 1.5),”>7*
which implies that NF-melanin can intrinsically be a material with high-x. On this basis, the lower

3% could decrease its refractive index. Accordingly, the

packing propensity of S-melanin
combination of low packing density and the presence of the sulfur atom of S-melanin should be
responsible for the equivalence in the refractive indices of both groups of samples.

Figure 6 displays the theoretical calculation performed to obtain further insights regarding
the refractive index values for each possible monomeric species (see Figure S14). As can be
noticed, the n values of the different monomeric species do not show significant variations, being
compatible with the estimated experimental values; however, S-units tend to be slightly higher.

Therefore, the theoretical calculations indicate that the similarities between NF and S-melanin
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could also be explained, in the case of the latter, by the heterogeneous system composed of both

NF and S moieties.*!
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Figure 6. Refractive indices based on static susceptibilities (at A — o) of melanin units. The dashed
lines represent the average values: 1.727 and 1.927 for NF and S-units, respectively. 01 number
refers to DHI units, whereas 02 to DHICA units (see details in Figure S14).

Another important parameter for optical applications is the optical dispersion of a material
in the visible region.”>’* The optical dispersion is evaluated using Abbe’s number (vp)’>’*"> and
it is determined by vp = (nG — 1)-(ns — nr)”’, where ns, ng, and ng are refractive indices of the
material at the wavelengths of the three primary colors (blue at 486 nm, green at 589 nm and red
at 656 nm). Both NF and S-melanin derivatives displayed a low Abbe’s number (17.86 + 0.14, see
Table S3), implying that the melanin films will present higher dispersion and higher chromatic
aberration, when compared to other standard materials as poly-methyl-methacrylate (vp = 57) and
polystyrene (vp = 30),” which would limit their use for photonic devices. However, note that for

applications where high absorption material is needed, melanin would still be a great candidate.

Electrical properties

DC and AC measurements were performed to study the several soluble melanin derivatives'
charge transport properties and compare them to the standard melanin (NFMel-I). Figure 7 presents
the current vs. voltage curves as a function of hydration level for NFMel-I in HO-NH3 (a) and
SMel-T in DMSO (b). The behavior observed for these two samples are excellent representatives
for the other non-functionalized (Figure S15 & S16) and sulfonated (Figure S17) derivatives. Also,

we focus on sulfonated melanins processed with DMSO since these materials yielded the highest
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currents at ambient pressures (Figure S18). An additional note, since the samples are bottom
contacted, the measurements would go through the bulk of the material and avoid any surface

aggregation effects as seen on some films via AFM (Figures S8-S11).
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Figure 7. Current as a function of voltage for (a) NFMel-I in HO-NH3 and (b) SMel-T in DMSO
at different hydration levels on a log-linear scale. Note that the peaks in the curves are an artifact
of taking the modulus of the positive and negative current values to enable a log-linear plot, and
as such are not redox potential peaks. Each IV curve is an average of at least six different samples.
Similar behaviors were found for other samples.

From Figure 7, it is clear that for both groups of samples, the current increases as a function
of hydration, which could be understood as a rise in charge carrier concentration, protonic and
electronic, due to the interaction between fully reduced (HQ) and fully oxidize (IQ) units in the
presence of water to form semiquinones (SQ) and protons (H"), following the comproportionation
equilibrium reaction (HQ + IQ + 2H>O 2 2H30" +2SQ). Figure 7 also shows a hysteresis between
the forward and backward sweeps, most likely linked to the protonic species' capacitive and space
charge effects since they would be slow-moving, and unable to be extracted at the gold electrodes.
However, one may see that S-melanin has a lower sensitivity towards hydration, resulting from the
lower interaction of its microstructure with water molecules.*! Also, if one considers that DMSO’s
boiling point is approximately 190 °C, it could be that traces of the solvent molecules were still
present even after the vacuum step. Hence, it could be that DMSO residues could compete with
the water, hindering S-melanin's hydration behavior. However, considering the harsh nature of an

active vacuum and the deliberate reintroduction of water at high concentrations, this latter scenario
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is less likely.
With this IV data, it was possible to calculate the conductivity as a function of hydration and
the results can be seen in Figure 8. The data reported in Figure 8 is the first of its kind for soluble

derivatives of melanin.
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Figure 8. (a, b) NF-melanin and (c, d) S-melanin conductivity as a hydration function.

Figure 8 (a, b) shows, for the films prepared with HoO+NHj3 solution, a range between 10®
to 10 S/cm conductivity from 0 to 100% humidity is observed. On the other hand, from 40 to
100% humidity, films spin-coated from water only resulted in a variation of 10~ to 10"* S/cm. Note
here that we could not calculate these samples' dry conductivities due to a dominant capacitive
effect. The increase of the conductivity with hydration demonstrates that the ionic component has

as expected a significant role in charge transport, as will be further elaborated with the AC data
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below. Our result suggests that the ammonia's oxidation environment could assist in the deposition
process and induce changes in the aromaticity of the samples and enhance its sensitivity to
hydration. One possibility would be that the ammonia de-stack NF-melanin sheets, resulting in a
higher surface area for melanin and water interaction. A similar assumption could also be verified
by a slight increase in the conductivity of NFMel-6P compared to NFMel-S in both cases. It is
known that NFMel-6P is composed of smaller particles,?” which could lead to easy pathways for
the water molecules to permeate through its macrostructure.

In addition, it was found that S-melanin's conductivity varies from 10 to 10°® S/cm across
the whole hydration scale, Figure 8 (c, d). The lower hysteresis, Figure 7 and Table S4, and the
lower conductivity, Figure 8, of S-melanin derivatives could be partially explained by the lower S-
macrostructure interaction with water.*! The reduced interaction with water for the same hydration
level would tend to indicate less ability to solvate protons than NF-melanin. So, if there are fewer
protons available due to the presence of the sulfonate groups at the indole ring's hydroxyl group,
and less water means less ability to solvate, these together will undoubtedly give a lower
conductivity.

Another interesting feature comparing both groups of samples at 100% hydration is that the
IV curve of S-melanin still shows an ohmic behavior, which is not the case of NF-melanin (see
Figure 7 and Figure S19). The non-ideal current vs. voltage characteristic can be considered a

signature of ionic (and protonic) transport,’®””

corroborating our assumption that NF-melanin has
a higher concentration of mobile ions than its S-counterpart.

In an attempt to investigate the charge transport dynamics of NF and S-melanins’, we also
employed electrochemical impedance spectroscopy (EIS) at 100% hydration level. Nyquist plots
are displayed in Figure 9 for NFMel-I and SMel-T, as examples, and similar behaviors were
obtained for the other samples (see Figure S20-S22). The imaginary vs. real components of the
complex impedance exhibited a semicircle coupled to an upward nearly-linear line (or tail) at lower
frequencies. Hence, we have modeled our data with a Randles circuit, schematically reported in
Figure S23. We note that the Randles circuit has multiple interpretations, with the most common
for electrochemical reactions being that there is a bulk solution resistance, a charge transfer
reaction current and Warburg element that captures ionic diffusion near the electrode.”® However,
we interpret our data differently and choose an “ionic current” view in line with previously

published work, since: 1) our sample is a solid-state electrolyte between two metal electrodes and

as a result the low frequency tails we observe (see below) is due to electronic and ionic blocking
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electrodes;*®*77 2) that the voltage employed in the experiment is not enough to induce redox
activity (<0.2 V) (see also methods section), which leads to 3) a lack of a 2" low frequency
semicircle indicating induced redox activity.*® As such the elements we employ represent a resistor
for the contact resistance, a second resistor to account for the ionic dissipation current, and the
Warburg element associated with the diffusion of electroactive species at the blocking electrode

surface, and a constant phase element (CPE) to represent surface modification capacitance and a

dielectric double-layer.””-”®
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Figure 9. Nyquist plots from EIS measurements on (a) NFMel-I and (b) SMel-T at 100% hydration
level. Scatter colored plots represent experimental data, while continuous gray lines the fit using
the Randles circuit as a model. Dashed green line is set at 45°.

The complex impedance of CPE (Zcpg) can be defined by Zopp = [Q - (j w)"]™1, where j is
the imaginary unity (\/—_1) and Q and 7 are fitting parameters, with 0 <# <1 7. For 5 = 0, CPE
acts as a pure resistor; and for # = 1 as a pure capacitor. Based on our modeling, we have found #
=0.78 = 0.08 for NF-melanin and # = 0.97 £+ 0.02 for S-melanin (Table S5), in line with melanin
and melanin-like materials ranging from 0.8 to 1 reported in literature.?’-%%2 These values imply
that the CPE acts more like a capacitor. The observed differences could be an indication of the
different transport mechanisms in the AC regime. In fact, the Nyquist plot (Figure 9) of NF-
melanin is almost a straight line with ~ 45° slope over most of the frequency range, whereas, for
S-melanin, there is a clear separation of a semicircle at high frequencies and the Warburg tail at
low frequencies. Considering that usually the semicircle is related to the response of the bulk

material and the straight line to diffusion processes at the vicinity of the interface with the
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contact,3* the different experimental shapes suggest that NF-melanin has an overlap between the
frequency ranges of the two processes and S-melanin two distinct processes. Furthermore, Figure
9 shows that the linear tail is more pronounced for NF-melanin than S-melanin, indicating ionic
domination in the first group sample. This idea is further corroborated with our hysteresis
estimation that shows about two to three orders of magnitude difference (Table S4).

For a better comparison of the charge transport mechanism, we analyze the impedance
modulus and phase angle as a function of frequency in Figure 10 for NF-melanin and Figure 11
for sulfonated derivatives. Figure 10 (a, b) shows, in the high-frequency region (f > 100 Hz), the
impedance response of all samples is governed by a frequency-independent electronic process,
which is compatible with the low phase angle in Figure 10 (c, d);3° however, the peaks in the low-
frequency domain (f < 100 Hz), ionic species diffusion takes place and controls the system
response. The phase angle variation at the low frequency can suggest capacitive double layer

formation,®® a consistent interpretation observed elsewhere.*3
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Figure 10. (a, b) Modulus and (c, d) phase angle as a function of frequency for NF-melanin films
prepared using (a, ¢) water & ammonia and (b, d) water solution. Scatter colored plots represent
experimental data, while continuous light gray lines the theoretical fit using a Randles circuit as a

model.

The overall similarities between the three NF-samples indicate that the different
methodologies used for film deposition provide only subtle changes to the charge transport, which
legitimate the use of ammonia for film deposition. Most of all, the ionic component could be a
consequence of small alterations in their macrostructures. When one compares the three samples
in Figure 10(a, b), it is possible to observe a slight decrease in the NFMel-6P samples at the low-
frequency domain. Considering that in the low-frequency region, ions dominate impedance, it is
possible to speculate that the small impedance would be the consequence of an increase in the ionic

conductivity, as indeed expected for a higher concentration of COOH in such sample.’’” If we

21



estimate the ionic conductivity of the semicircle diameter of the Nyquist plot at 100%
hydration,*®3¢ we obtain values of 7.6, 16 and 30 mS-cm™' for NFMel-I, NFMel-S and NFMel-6P,
respectively, in HO+NH3 and 4.7 mS-cm™! for NFMel-S and 31 mS-cm™ NFMel-6P in only H>O.

These ionic conductivities are compatible with our previous discussion and the values reported in

48,49 86,87

the literature for standard melanin and other proton-conducting materials.

Additionally, we note that there are significant differences in the impedance of NFMel-S
when comparing the solution using an oxidizing (as in H2O+NH3 solvent) or neutral (deionized
H>O0 only) environment; however, none for NFMel-6P. Such absence of an effect from ammonia
would be compatible with our earlier discussion about its impact on the melanin macrostructure.
Considering that NFMel-6P has smaller particles than NFMel-S,?” any structural variation caused
by ammonia will not be significant enough to further increase its ionic conductivity. Note that the
lack of a need to use ammonia for NFMel-6P can make it even more attractive for bioelectronic
applications since we can overcome ammonia’s genotoxic effects.’®

By contrast, if one compares Figure 10 and Figure 11, the differences between the charge
transport behavior of S and NF-melanin are evident. In the low-frequency domain of S-melanin, it
is possible to see a subtle decrease in the impedance modulus until it reaches f> 100 Hz, see Figure
11(a, b), when the impedance drops. This result could indicate that S-melanin has mobile ions in
lower concentrations (as discussed above) and, consequently, lower ionic conductivity. Indeed, in
these samples, the estimated ionic conductivity was 0.2, 0.4, 0.2 and 0.1 mS-cm! for SMel, SMel-
T, SMel-4P, and SMel-8P, respectively. However, the change in the impedance modulus at high-
frequency could imply a preference for electronic charge transport. Note that the variation of
impedance is more visible for samples synthesized with oxygen (SMel-4P and SMel-8P),
suggesting that the different polymerization structures® result in a higher impedance, probably due
to conjugation break. The angle phase, Figure 11(c, d), also supports the speculated mechanism
since the variation in the high-frequency domain is more significant than in the low-frequency
region. However, note that the phase is not zero at low frequency, implying that S-melanin also

supports a lower ionic current.
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Figure 11. (a, b) Modulus and (c, d) phase angle as a function of frequency for S-melanin films
prepared using DMSO solution. Scatter colored plots represent experimental data, while
continuous light gray lines the theoretical fit using a Randles circuit as a model.

Given these observations, we speculate on the potential consequences for devices that can
be based upon the S-melanins. S-melanins have many of the same redox moieties as standard
melanin,*****! and that they do exhibit pseudo capacitance behavior,*’ they should be a prime
candidate for supercapacitive behavior as work on NF-melanins reported by Kumar et al.."”
However, given the lower protonic currents, they may not hold as much charge as a standard
melanin. This aforementioned reasoning can also be extended to organic electrochemical
transistors based upon melanin,” where they should function very well, but with an attenuated
performance. However, given the higher parity between electronic and ionic charges, S-melanin

may be an excellent candidate for more neuromorphic device applications.®’
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In summary, the above-presented results suggest that S-melanin derivatives have a lower
ionic current with a potential enhancement in the electronic signal compared to NF-melanin. Both
systems share similarities in their optical and electrochemical®®*’ properties. Overall, the S-
melanins open exciting opportunities for device applications. Moreover, our findings could also
assist further chemical engineering to tune the electronic properties of synthetic melanin

derivatives.

Conclusions

We have conducted a detailed study of the optical and electrical properties of soluble melanin
derivative thin films. The results show that the optical characteristics of sulfonated melanin behave
similarly to non-functionalized melanins. For example, our films displayed high transmittance,
high-n values, and low Abbe’s number, which can potentially limit their use for photonics
applications, where low absorption material is needed. The similarities in spectra and values
comparing NF and S-melanin were discussed based on the structural differences.

The charge transport of the melanin thin-films was evaluated using DC and AC electrical
measurements. Our results show no drastic changes in NF-melanin samples' electrical behavior
using an alkaline solution (or not) to deposit the films. For S-melanin, the electrical conductivity
proved to be hydration dependent, i.e., it increases with the water content, but with less variation
than the NF counterpart. Such a result indicates that, even with the functional groups' presence, the
S-melanin has active sites to facilitate mobile ions. An analysis of impedance measurements
demonstrated that the sulfonated group decreases the S-melanin's ionic conductivity, but it may
favor electronic processes at high hydration.

All these findings are an essential step towards developing bioelectronic and optoelectronic

devices based on melanin, especially in the case of sulfonated derivatives with enhanced solubility.
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