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Abstract

The importance of electrically functional biomaterials is increasing as researchers explore ways to
utilise them in novel sensing capacities. It has been recognised that for many of these materials the
state of hydration is a key parameter that can heavily affect the conductivity, particularly those that
rely upon ionic or proton transport as a key mechanism. However, thus far little attention has been
paid to the nature of the water morphology in the hydrated state and the concomitant ionic conductivity.
Presented here is an inelastic neutron scattering (INS) experiment on hydrated eumelanin, a model
bioelectronic material, in order to investigate its ‘water morphology’. We develop a rigorous new
methodology for performing hydration dependent INS experiments. We also model the eumelanin dry
spectra with a minimalist approach whereas for higher hydration levels we are able to obtain difference
spectra to extract out the water scattering signal. A key result is that the physi-sorbed water structure
within eumelanin is dominated by interfacial water with the number of water layers between 3-5, and
no bulk water. We also detect for the first time, the potential signatures for proton cations, most likely
the Zundel ion, within a biopolymer/water system. These new signatures may be general for soft proton
ionomer systems, if the systems are comprised of only interfacial water within their structure. The
nature of the water morphology opens up new questions about the potential ionic charge transport

mechanisms within hydrated bioelectronics materials.
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Introduction

Bioelectronics is a rapidly emerging field at the intersection of the physical, chemical and life
sciences.[1-9] One of the aims of the field is to address some of the major challenges of the 21 century
as outlined for example by the US National Academy of Engineering, which has presented the need of
“advance health informatics” among its 14 grand challenges for engineering in the 21st century.[10]
As such, there is a constant search to create new devices for medical interventions, biosensors,
monitoring devices etc. that can directly read or write biological signals with conventional

semiconductor-based electronics.[1-9]

It is becoming apparent that a key parameter to control the conductivity of bioelectronic materials and
devices is the water content of the system, since the degree of hydration can impact the behaviour of
materials and the performance of devices, especially proton conductivity.[11] Hence, natural questions

arise: what is the structure of water in these materials, and how does it influence charge transport?

Given the extensive range of prominent materials explored within the community including
PEDOT:PSS[12-14], chitosan[15, 16], melanin[17-19], reflectin[20, 21], glycosaminoglycans[22, 23],
polyaniline[24],  serum-albumin[25],  polyethylene  oxide[26], nafion[27, 28], and
poly(ethylenimine)[29], only recently have serious questions being asked about water structure as a
function of hydration — an example being serum-albumin[30]. In this study electrical measurements
were used to infer the local water structure and concomitant proton transport as the material was
systematically hydrated. However, electrical measurements by their nature cannot probe the actual
water morphology. As such, a new approach is needed. Presented herein is an inelastic neutron
scattering (INS) experiment performed on the bioelectronic material eumelanin as a function of
hydration. This study is envisaged as a starting point for probing the internal water structure of a

hydrated bioelectronic material and connecting said structure to the proton conduction mechanism.

Eumelanin, or in common parlance just melanin,[31] has been selected for this work since it is proving
to be a model bioelectronic material[11] that acts as an interfacial ionomer for various device
applications.[32-36] Coupled with its hygroscopic nature[37, 38] and the clear modulation of its proton
conductivity as a function of hydration,[17-19, 34, 39] and electronic redox properties [36, 40] it is a
promising potential candidate to begin to answer the questions of water structure and concomitant

proton transport questions in bioelectronic materials.



The INS technique is used to probe the vibrational spectra of amorphous and crystalline materials.[41,
42] As the name suggests, when a neutron with appropriate kinetic energy is scattered inelastically
from a sample, the energy that is transferred will excite vibrational modes within the sample. By
monitoring the energy loss of the scattered neutrons, a vibrational spectrum analogous to those
obtained by optical methods (e.g., infra-red absorption or Raman spectroscopy) can be produced from
which the vibrational structure of the material can be inferred. An INS spectrum is highly
complementary to such optically-obtained spectra, having a number of benefits for hydrogen-
containing materials in particular.[43] Firstly, there are no optical selection rules with INS; all modes
are active and a single INS spectrum may show all the modes of interest. Secondly, the intensity of
modes in an INS spectrum is directly related to the concentration, neutron scattering power and
displacement vectors of the nuclei involved. Therefore, compared to infrared (IR) spectroscopy and
Raman scattering, INS spectra are relatively easy to predict. Lastly, the highly penetrating nature of
neutrons means that INS is ideal for studying the bulk properties of a sample, without needing to worry

about surface effects or sampling bias.

Hydrogen in particular has a very large (incoherent) neutron scattering cross-section, which means that
INS is uniquely suited to studying the vibrational properties of the protons in melanin and hydrated
melanin. In this study we use INS to investigate the vibrational structure of melanin and how this
changes upon hydration. The penetrating nature of the neutrons allowed the samples to be fully sealed,
aiding the rigorous hydration procedure. We then simulate the spectra of a number of simple molecular
building blocks in order to gain insight into the complex and poorly characterised structure of melanin

itself.

Overall, the work presented here is a significant advance on the use of the INS technique as it
pertains to hygroscopic materials by utilising a new method of hydrating materials. We do this to
probe the structure of water in the bioelectronic material melanin and the potential consequences for

proton charge transport.
Experimental Methods & Baseline Chemical and Physiochemical Analysis

Material Synthesis: Melanin was synthesized following a standard literature procedure.[37, 44, 45] In
brief, D,L-dopa (Sigma-Aldrich) was dissolved in deionized water, subsequently adjusted to and
maintained at pH 8 using NH3 (28%) as air was bubbled through the solution while being stirred for 3
days. Keeping the maximum pH at 8 ensured that ring fission of the indolequinone moieties are kept
to a minimum ensuring a biomimetic material.[45] Afterwards, the solution was brought to pH 2 using

aqueous HCI (32%) to precipitate the pigment. The solution was then filtered and washed multiple



times with deionized water and dried. Four batches were synthesized and then homogenized to obtain

the material for the study.

Melanin Characterization: The samples were confirmed as melanin via UV-Vis absorbance

spectroscopy, electron paramagnetic resonance (EPR) and x-ray photoelectron spectroscopy (XPS).

For the UV-Vis absorbance spectroscopy a small amount of melanin powder was dissolved in a pH 8
deionised water solution (adjusted with NH3). Spectra were then obtained utilising a Perkin Elmer
PDA UV/Vis Lambda 265, utilising the wavelength monitoring functionality, obtaining a wavelength
range from 350 nm to 900 nm at 1nm wavelength intervals. Example data can be seen in Figure 1A,

where the featureless, exponential spectra as a function of wavelength is as expected for melanin[46].

For the EPR measurement, a powder sample of the melanin was measured using a Bruker EMX Micro
X, CW-EPR spectrometer with an E4104 X-band cavity at a microwave power of 0.87 mW at room
temperature. The spectra was taken at a modulation frequency of 100 kHz, modulation amplitude of 1
Gauss with a scan width of 60 Gauss. The apparent isotropic g factor was calibrated against a DPPH
standard and found to be 2.0036, which is as reported elsewhere for solid melanin synthesized in the

same manner[47-49]. An example spectrum can be seen in Figure 1B.
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Figure 1. A) An example UV-Vis absorbance spectrum obtained for the melanin sample. The curve shows a simple
decaying exponential as expected for the material. B) An example CW-EPR X-band spectrum obtained for the sample and

is as expected from extensive literature.



For the XPS elemental analysis, data was obtained via a XPS wide-scan survey spectrum of pressed
pellets of the powder utilizing a Kratos Axis Supra with a 225 W AlKa X-ray source with an emission
current of 15 mA and equipped with a quartz crystal monochromator with a 500 mm Rowland circle.
Higher resolution spectra were then collected in triplicate for quantification 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.
The atomic compositions thus obtained can be seen in Table 1 and are compatible with that of a
synthetic melanin. We note that elemental surface scans of melanins are representative of the bulk as

previously demonstrated[50].

Table 1. The atomic composition (atomic concentration %) and atomic ratios determined from pressed powder pellets of
the synthetic melanin sample. For comparison the expected ratios for the monomer building blocks DHI and DHICA are

shown where it is expected that a melanin sample’s values will fall roughly in-between the two monomer building block’s

values.
Sample C (at%) O (at%) N (at%) C/N O/N C/O
DHI - 727 18.2 9.1 8 2 4
Expected
DHICA - 643 29.6 7.1 9 4 22
expected
Sample 69.5+0.3 21.2+0.4 9.240.2 7.6 2.3 3.3

Finally, to quantify the water content of the powder melanin as a function of relative pressure/relative
humidity, an adsorption isotherm was obtained. The method for obtaining a water adsorption curve
was as previously published[37, 51]. In brief, a vacuum capable microbalance (CI Electronics Ltd.)
was attached to a vapour delivery system in which vapour was introduced from a flask containing H20O
(de-ionised, freeze-pump-thaw 3 times). Pressure measurements were obtained using a calibrated
BOC-Edwards GK series 0—50 mbar gauge, and a dry scroll pump was used to create the vacuum. For
adsorption measurements as a function of relative pressure (note 100 times relative pressure is the
relative humidity), the desired pressure of H2O was admitted into the system, and the reservoir was
closed off. The sample was allowed to equilibrate for a couple of hours while the sample mass was
monitored with the microbalance. For the next data point, the pressure was increased again and allowed
to come to equilibrium. The procedure was then repeated. The experiments were conducted at a
constant temperature of 22.2 + 0.9 °C. Uncertainties in the results were calculated by convoluting the
random errors in the estimated dry weight of the powder with that of the final weight and then
propagated. The data obtained can be seen in Figure 2. The data was fitted to a limited layers Brunauer-

Emmett-Teller (BET) model to the a range of 0.05 to 0.35 as is standard[52]:
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where n’is the number of moles of adsorbate, ny, is the number of moles required to give monolayer
coverage, X is the relative pressure of the adsorbate, v is the number of monolayers and Z =
eFa=Fa/RT Parameters E; and E, are enthalpy of desorption and adsorption respectively, R is the
universal gas constant and T is temperature. The BET parameters are summarised in Table 2. Note that
the water adsorbed is slightly more than previously reported[37, 51], but the adsorption parameters are
otherwise similar to what one would expect. Previous reports were on pressed powder pellets of

melanin whereas Figure 2 is for a powder, hence a greater surface area is available for adsorption.
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Figure 2. The adsorption isotherm data obtained on powdered melanin sample points with error bars). Also shown is the

limited layers BET model (solid line).

Table 2. The BET modelling parameters obtained for the adsorption isotherm data depicted in Figure 2. Parameters for

pressed powder pellets of melanin are also included for comparison.

Morphology E;— E, (k] mol") ng, (mmol g) v (no.)
Powder (this work) 8.7x1.1 3.94+2.6 4.9
Pellet [37, 51] 7.7 47 3.65



Melanin Hydration Procedures for Inelastic Neutron Scattering: The melanin powders were prepared
at various hydration levels before being placed within the INS samples holders before loading within
the spectrometer. This was achieved by placing the powder in a custom made PTFE holder within a
vacuum capable bespoke stainless steel chamber, which had a valve attached to it that enables the
chamber to be disconnected from the vacuum line while maintaining the vacuum line atmosphere
inside. The chamber was connected via KF16 bellows to a water vial (deionised water, degassed via
several freeze-pump-thaw cycles), an Edwards GK series (0 — 50 mbar) pressure gauge, Pirani Gauge
(for monitoring the vacuum level) and a dry scroll pump. To dry the melanin, the samples were initially
placed within a vacuum oven at 50 °C for at least 24 hours. Just before loading, the sample was then
removed and transferred to the aforementioned PTFE holder, which was then immediately placed
within the custom made chamber and a vacuum applied. Initially the sample within the chamber was
pumped on for several hours to dry at a vacuum level of 102 mbar. For the dry sample experiment ~

16 hours was used and as for the other, hydrated samples the initial drying time was ~ 6 — 8 hours.

For the dry sample of melanin, once the 10 hours was reached, the sample stainless steel chamber was
isolated and disconnected from the line. The chamber, which was still under vacuum, was transferred
into an Argon glove box with a dry atmosphere. The sample chamber was then opened within the
glovebox, the sample removed and transferred to an aluminium pouch, which in turn was enclosed
within a standard aluminium can holder for the INS experiment on TOSCA (see below). Given the
enclosed nature of the aluminium holder, the local dry atmosphere was preserved ensuring that the

sample was dry before being loaded into the spectrometer.

The hydrated samples were treated similarly as for the dry, but with some variations to account for
water content. After the initial drying period within the hydration chamber, the vacuum pump was first
isolated, and then the water vial opened to let in a H20 atmosphere. Once the desired pressure had
been reached, the water vial was isolated, and the sample allowed to come to equilibrium over several
hours (4 — 5 hours) at the desired target pressure. The amount of time for ensuring for equilibrium was
well beyond the known time required for samples to come to equilibrium as per previously published
adsorption isotherms and our experience in obtaining the powder adsorption isotherm (~1 — 2 hours)
[37]. During the equilibrium time, both the lab temperature and the pressure was monitored regularly
to ensure stability. Final pressures were 0.0 mbar, 3.0 mbar, 15.1 mbar, 20.1 mbar, 24.6 mbar with a
measured water saturation vapour pressure of 27.2 mbar, which yielded relative pressures (relative
humidities) of 0.0, 0.11 (11%), 0.56 (56%), 0.74 (74%) and 0.90 (90%). Once sufficient time passed,
the hydration chamber was isolated and disconnected from the line. The chamber was then transferred

into a separate, mobile glovebox within which a hydrated atmosphere was pre-prepared. This



atmosphere was achieved with the use of a large open tray within the box with a saturated salt solutions,
where the salt selected was commensurate with the hydration level within the hydration chamber. The
amount of time given for the tray to come to equilibrium with the box atmosphere was > 6 hours before
sample transfer. Once inside, the melanin sample was removed and placed within a sample holder as
per the dry sample. The saturated salts, and their respective relative humidities chosen for the hydrated
samples were LiCl (RH = 11%), Nal (RH = 53%) and NaCl (RH = 75%), where the NaCl was also
used for the 0.90 relative pressure sample transfer (which we note was rapid). All salts were obtained

from Sigma-Aldrich and used as is.
Inelastic Neutron Scattering:

INS spectra[53] were recorded on the indirect geometry spectrometer TOSCA[54, 55] at the ISIS
Neutron and Muon Source (Chilton, Oxfordshire, UK).[56] The resolution is ~1.25% of the energy
transfer, affording sufficient resolution in the energy range of interest, 0 — 2000 cm™'. Measurements
were performed <20 K using a closed cycle refrigerator. Time of flight data were reduced using the
Mantid software package[57]. All spectra recorded had the signal from the aluminium sample holder
subtracted out, and then normalised to the adsorption isotherm. We note that the adsorption isotherm
normalisation was to Figure S1, which is the adsorption isotherm of Figure 2 transformed into total
percentage change of hydrogen content relative to the dry sample. The underlying reason is that the
signal strength of INS is related to the hydrogen content of the sample. We do not expect a major
contribution from other elements since hydrogen has an incoherent scattering length 2 orders of

magnitude larger than that for nitrogen, carbon, and oxygen[58].
Computational Modelling:

Inelastic neutron scattering data and computational work has been previously performed on
indoles,[59] but not on hydroxyindoles that form the basis of melanin. The basic monomeric structures
of melanin evaluated through Ab initio calculation are shown in Figure 3. All Ab initio calculations of
the vibrational transition energies were carried out using Gaussianl6[60]. Firstly, the ground-state
geometries for each monomer were calculated, followed by the vibrational frequencies, using the DFT
approach with Becke’s LYP (B3LYP)[61, 62] exchange-correlation functional and the 6-311+G(d,p)
basis set for all atoms. The Gaussianl6 output data, that includes the vibrational energies and the
atomic displacement of the atoms in each mode, was then used to simulate the INS spectra for each

monomer using the AbINS[63] function included in the Mantid software package.[57]
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Figure 3. The starting monomer units of melanin (dihydroxyindole — DHI; dihydroxyindole carboxylic acid - DHICA)
before the free radical polymerisation step that leads to melanin formation.[64] Also indicated are the various redox states
of the starting monomers, which are the hydroquinone methide forms (HQM & HQMCA) and quinone forms (Q &
QCA).[31]

Once all the theoretical INS monomer spectra were obtained, we proceeded to construct a linear
combination of them, with the aim of replicating the experimentally measured spectrum of melanin
itself. The linear combination consisted of 75% quinone, 20% quinone methide, 5% cathechol, which
is based upon thermodynamic modelling of a monomer solution at low pH[65], i.e. protonated state as
would be expected in the dry sample. Of these 15% of the monomers were assigned a COOH moiety,
consistent with the XPS analysis that indicates 15% DHICA/85% DHI if one assumes a monomer
system. The main features of the spectra can be identified and characterised, leading to insight into its

structure.
Results and Discussion

Presented in Figure 4 are the INS spectra below 2000 cm™ obtained on variously hydrated melanin.
As can be seen, there is a clear change in the spectral features as water is added, indicating that more
water is present within the sample [compare spectra against an example spectrum for ice-1h (hexagonal
ice, the most common form ofice)]. The most prominent change in features can be seen for the energies
~350 cm™! — 800 cm™!, which indicates the rise of the librational water modes[66, 67]. However, as can
be inferred from the spectra of ice-Ih, the features are not as sharp, indicating a lack of crystal structure

and hence the formation of “amorphous ice”[68, 69]. This important observation we will return to



later. First, we will discuss the dry spectra of melanin and associated modelling to tease out the
underlying features. Once a better understanding of the dry spectra has been obtained, we will then

turn to the wet spectra of melanin, and the associated behaviour of the water.
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Figure 4. The INS spectra of variously hydrated melanins, normalised to the isotherm in Figure S1. Indicated in the legend

are the water contents of the melanins as determined by a water adsorption isotherm on powder melanin (Figure 2) and the

corresponding relative humidities. Also shown is the spectrum for ice-lh as a comparison.
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Figure 5. A) The dry melanin INS spectra shown at the top with the modelled linear combination spectrum offset below.
At the bottom, the individual monomer contributions are indicated. The individual monomer spectra are shown explicitly
in B). The ratios of the monomers were 75% quinone, 20% quinone methide, 5% catechol (based upon thermodynamic
modelling of a monomer solution at low pH[65]) with 15% of the monomers having an acid group (see text). B) The

labelling of the spectra follows Figure 3.



Turning to the dry data as depicted in Figure SA. A natural question to ask is whether the dry powder
of melanin spectra show any significant contribution from trapped water (i.e. not physi-sorbed water),
since it is known that melanin does have bound water within its structure which cannot be removed
except via decomposition of the biopolymer[70]. Due to hydrogen having an incoherent scattering
length 2 orders of magnitude larger than that for nitrogen, carbon, and oxygen,[58] we can attribute
essentially all of the spectral intensity to protons in the samples. When comparing dry spectra to the
water signal (below in Figure 6) and ice-lh, the expected signals/contributions from water, the
liberation peaks are essentially absent. One may argue the slight peak in the data 470 cm™! may be a
libration peak but could just as well be a melanin signal if one inspects the deconstructed monomer
modelled signal below it (which we will explain in due course). As such, trapped water, even though

present in dry melanin, does not contribute a significant signal to the dry melanin spectra.

We now turn to understand the INS spectrum of dry melanin in a deeper way. Using a combination of
computational and analytical techniques, we developed a simple model in which, by knowing the
concentrations of the different monomeric units that form our sample, we could obtain the vibrational

modes assignment for the experimental spectrum using the theoretical simulated spectrum as reference.

We note that to date it has not been possible to fully model a melanin stacked particle due to the
computationally intensive nature that such a study would entail. The fundamental reason for this state
of affairs is that melanin is a chemically heterogeneous compound, derived from the highly reactive
monomers that undergo an uncontrolled free radical polymerisation to form various oligomers that
subsequently stack in random order. To illustrate this point, a recent article explored 3000 different
proto oligomeric structures using DFT and molecular dynamics, but still did not obtain data on stacked

systems[71].

Considering these factors, we have taken a simple, minimalist approach to model the INS spectra by
obtaining the theoretical INS spectrum for each, small monomeric moiety in isolation. Figure 3 shows
the six main monomeric moieties that we expect to be present within the melanin polymer[65]. The
resultant spectra for these molecules can be seen in Figure 5B. In general, all monomers have a
vibrational gap around 1000 cm™ and another at 1500cm™'. The DHICA has the first gap shifted up to
1100 cm™. These features mean that the INS spectrum of monomers can be divided into three zones,
a first between 200 and 1000 cm™', the next between 1000 and 1500 cm™ and a last one for vibrations
greater than 1500cm’. Each of the different monomers has a series of characteristic vibrational modes
which are considered in the experimental spectrum. If we look at each monomer, we see how the shape

of the QCA has a high intensity peak and 3 peaks with medium intensity, the Q monomer one has 4



peaks with great and one with medium intensity. The HQMCA and HQM monomers shape have 3
peaks with high and 2 and 3 peaks with medium intensity respectively. Finally, HQMCA and HQM

monomers shape have 3 and 2 peaks with great intensity only.

Next step is modelling the INS spectrum of melanin itself. We combine each individual theoretical
INS spectrum via a linear combination trying to obtain the experimental spectrum for the full melanin
sample (Figure 5A). The contribution of each monomer spectrum to the linear combination was
determined from thermodynamic modelling elsewhere, based upon solutions at low pH[65] (i.e. fully
protonated species as expected in the dry solid state). Our approach affords a simulated melanin INS
spectrum (Figure 5A, light blue line). Given that a more heterogeneous chemical environment, the
broadening of the simulated spectra can well be anticipated, which makes the simulation reasonably
good in agreement with the experiment (Figure 5A, brown line), allowing us to use this simple
computational approach that avoids an unfeasible full melanin polymer chain computational

calculation.

Now that we have the INS melanin simulated spectrum, we can interrogate the vibrational modes in
the simulated spectra allowing us to broadly assign the peaks in the experimental spectrum. Starting at
the higher energy, the features around 1600-1800 cm™! can be attributed to C=O stretches, particularly
in the Q monomers, as well as C=C stretches within the aromatic ring. Ordinarily, due to the low
neutron scattering cross-sections of C and O nuclei, these modes would not be visible in an INS
spectrum. However, the fused ring structure of the monomers leads to associated displacement of H
atoms, which in turn provide INS intensity that we are seeing here. The feature between 1400-1500
cm’! can be attributed to in-plane N-H, O-H, and C-H bending as well as further C-C stretches within
the 5-membered ring structures. The broad feature from 1100-1400 cm™! clearly comprises a number
of different vibrations, including more C-C stretches in the ring system (primarily antisymmetric in
nature), which leads to in plane wagging of the terminal H atoms. Moving down to the prominent
feature centred at 900 cm™ we can see both symmetric and asymmetric out of plane C-H bending

modes and breathing modes of both the 5-membered ring and the complete indole moiety.

Continuing to the feature around 750-800 cm™ we can identify additional out of plane C-H bending
modes and in plane and out of plane ring deformations. The remaining broad feature between 500-750
cm’! includes out of plane O-H bends (especially from the acid-containing monomers such as QCA),
as well as symmetric out of plane C-H bends. It is worth noting at this point that this last part of the
theoretical spectrum matches the experimental spectrum less well than in the higher energy regions.

We believe that the difference is due to our simple approach that does not include the intermonomer



and intermolecular interactions that could be expected in a bulk solid sample of a full melanin polymer.
These low-energy and longer-range vibrational modes would require a larger number of computational
calculations (for dimers, trimers, tetramers, etc.) and sophisticated analytical tools to combine the INS
simulated spectra. This implies more computational cost and it is not clear whether it will ensure a

better description than that presented in this work already. All of the above features are summarised in

Table 3.

Table 3. Summary of the major features for the INS spectra for dry melanin at <30 K as simulated and depicted in Figure

SA.
Energy (cm™) Putative Vibrational Mode
500-750 O-H Bend, out of plane
symmetric C-H Bend, out of plane
750-800 additional C-H Bend, out of plane
Ring Deformation (in/out plane)
800-900 symmetric & asymmetric C-H Bend, out of plane
S5-membered ring Breathing
1100-1400 antisymmetric C-C, 5-membered ring
1400-1500 N-H Bend, in plane

O-H Bend, in plane
C-H Bend, in plane
C-C stretches, S-membered ring
1600-1800 C=0 stretch
C-C stretch, aromatic ring
Having interrogated the dry spectra, we turn to the hydration dependent features of the INS spectra.
By subtracting the dry spectra, discussed in Figure 5A, from the INS spectra presented in Figure 4,

one obtains a difference spectra that represents the water component alone (Figure 6). For aid, the

spectra for ice-Ih is also depicted and its features listed in Table 4.

Table 4. Summary of the major features for the INS spectra for ice-Ih measured at < 30K. [66, 67]

Energy (cm™) Putative Vibrational Mode
57 acoustic phonon region, translational mode
229 H bond (weak), translational mode
305 H bond (strong), translational mode
540 H bond librational band left edge

976 H bond librational band right edge



First, we start with some basic observations of Figure 6. There are 6 prominent features that increases
in intensity with hydration at 90 cm™, 180 cm, 520 cm™, 680, cm™, 770 cm™ and 1000 cm™. Also
notable is the broad feature ranging from 1300 — 2000 cm™! that also slowly increases in intensity with

hydration.
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Figure 6. A water difference spectra and for comparison the spectra for ice. The hydrated melanin spectrum is subtracted
from the dry spectrum subtracted to leave just the contribution from the added water. Legend indicates water content as

well as corresponding relative humidity.

Given our discussion above about the computational cost that would be involved in modelling a
representative melanin particle (a key requirement) alongside a water coating at different hydration
levels, we are forced into having to interpret the water-melanin behaviour without the aid of theoretical
calculations. As such, we will rely on qualitative knowledge of melanin and other model compounds

for insight.

The best way to proceed is to compare and contrast the hydration dependent spectra against that of ice-
Ih. We start with the most prominent feature of the data at 520 cm™!, which for ice-Ih corresponds to
the low energy edge of H-bond librations.[66, 67] As can be clearly seen, for ice-Ih the edge is sharp
where as for the water in melanin it is significantly broadened. This behaviour is quite characteristic
of amorphous forms of ice, both low density amorphous (LDA) ice and high density amorphous (HDA)
ice.[66, 72-74] This immediately suggests that there is no long range crystal structure of ice-1h present,



and as such if the sample was to be heated to room temperature, would imply no bulk water would be
present in the polymer, even at high relative humidities. As such, the water within melanin is likely
comprised entirely of this amorphous water or interfacial water. Indeed, we do not see a significant
presence of bulk water due to the absence of any clear sharp edge to the libration low energy edge,
which is commonly seen in other highly hydrated biopolymers.[68, 72, 73, 75] As an aside, this implies
that the void structures that have been deduced within melanin structures elsewhere for water to

fill,[38] are not conducive to bulk water formation.

From the observation of an acoustic vibrational modes seen in our data most prominently at 90 cm™,
and to a lesser extent at 180 cm’!, we can conclude that the water forms a continuous coating across

the polymer and does not fill isolated pockets, even at low hydration content.[69]

Of interest is the absence of two translational, optical H-bond modes, which are present in ice-lh at
229 cm!and 305 cm!. In ice-Ih these are due to two different H-bonds within ice, one weak and one
strong, randomly distributed through a crystal structure.[66, 67] It is also known that the presence of
these vibrations are not dependent on long range order but on local molecular conditions, since these
peaks are also observed in LDA ice.[66] As such, the water in melanin spectra is much more akin to
HDA ice, which do not have these two peaks.[66] Hence, we can deduce that the interfacial water
within melanin is experiencing conditions such that standard hydrogen bond behaviour is not present,
i.e. the water is highly confined. This naturally suggests that proton conducting mechanisms based
upon standard bulk water is not applicable to melanin. This basic observation should bring into
question the nature of the water structure and concomitant proton transport in other bioelectronic

materials, which would need further investigation along the lines presented in this paper.

We now turn to comparing our results to other systems. Indeed, many of our broad features for the
interfacial water behaviour have been observed in numerous bio/polymer water systems including
DNAJ[72, 73, 75, 76] and proteolipid membranes[75], proteins[76], cell tissue[68], collagen and
polypeptides[69]. In all these systems an absence of the translational hydrogen bonding modes are
observed, and a large libration peak is seen with the concomitant straight-line decay from the peak
(around 520 cm™) to around 1000 cm™!. Our overall data set is slightly red shifted vs ice-Ih, in contrast
to the observed blue shifts in the other works mentioned previously and to be expected by theoretical
calculation where the latter was modelled on a polar groups of a surfactant molecule[77]. This red shift
may simply be that the exact polar nature of the melanin particle surface is conducive to water libration
modes that are lower in energy and may thus imply a strong connection to the melanin surface, as

would be suggested by the large energy of adsorption seen in our BET isotherm data (Table 2).



Though, in line with theoretical work, as the hydration is increased, the relative intensity and blue
shifting of the libration peak occurs as more hydration shells are added to water at the interface of the
polar moieties on the hydrophilic surface[77]. As such, our data appears to be qualitatively as expected.
Indeed, our lowest water content curve (~11% relative humidity) could be construed as the initial water
layer locked to the surface of the melanin and its polar groups, which is also in line with the monolayer
coverage point implied by the BET isotherm at ~ 0.1 relative pressure (10% relative humidity, see
Figure 2 & Table 2). As the peaks increase in intensity a second, third and fourth layer of water is
added. Considering that we do not observe bulk water formation, it does suggest that the number of

layers of water does not extend far beyond 4 layers.

Given the nature of the water coating, it is logical to ask if one can get a firmer view on the number of
water layers that are coating the melanin particles. The BET analysis performed on the adsorption
isotherm of the powder melanin suggests ~ 5 layers of water (Figure 2, Table 2). This is more or less
in line with the INS data and concomitant theoretical predictions just discussed. However, given the
underlying assumptions of the BET theory (non-polar adsorbates), it would be prudent to perform a
cross check against the literature. Our approach is to estimate the potential particle size of melanin and
then determine the potential water coating around said particle. Regarding the particle sizes of
synthetic melanin made as per our approach, multiple authors utilising different techniques have
estimated sizes of ~1.5-2 nm [78-80], 2-3 nm[81], ~5 nm[82] and ~40 nm[83]. The latter result is an
outlier and was deduced from light scattering experiments. The other studies are based upon more
traditional morphological work including, X-ray, AFM, STM and TEM measurements and as such are
more reliable. Furthermore, the more traditional studies have additional theoretical backing[84-86].
As such we have a range of average sizes to consider from ~1.5 — 5 nm. We select 5 nm as the example
since this is confirmed by real space images from TEM measurements[82]. If one utilises the deduced
density for an average melanin particle of 1.397 g cm™[78, 79], assume a spherical particle and a water
density of 1.17 g cm™ (in line with HDA ice at ambient conditions below 120 K[74]) at a relative
humidity level of 90% (our highest level of hydration) one arrives at a water coverage of around 3
layers (see Supplementary Information). Considering that melanin particles will not be isolated but are
compacted together, are not always spherical and have a distribution in different sizes, the number of
layers appear to be more or less in line with the INS observations (~ 4 layers) as well as with the BET
isotherm results (~ 5 layers). As such, we conclude that there is no bulk water formation in our sample.
Furthermore, the INS data is confirmation of the BET analysis, which is quite surprising from a

theoretical point of view.



We now turn to discrepancies with our observations and those of previous works. There are clear
features present (at all hydration levels) at 650 — 700 cm™!, 770 — 800 cm™ and 900 — 1100 cm! that
are entirely absent in all the other bio/water systems reported above and hence are unique to melanin.
Instead, the closest results that we were able to find that correspond to these features can be found on
hydrated zeolite systems[87, 88]. Interestingly, the speculation there is that these features could be due

to the formation of charged species of water, e.g. hydronium.

Inspired by these observations, inspection of the literature of solid state proton conductors yields
interesting interpretations. For example, the peaks could be assigned as Zundel ion (HsO2") modes for
torsional (650 — 700 cm™'), rock and wag (770 — 800 cm!) and an antisymmetric stretching hydrogen
bonding vibration along an OHO bond (900 — 1100 cm™") [89-91]. A question to ask is where the
symmetric counterpart is, which has been reported to be ~480 cm™' [90, 91], which would be dominated

by the water libration behaviour at around 550 cm™! making it tenuous at best to assign.

At this juncture, one has two basic options, to assign these peaks to hydronium as suggest by the
aforementioned zeolite studies or assigning the peaks to Zundel ion signatures. Currently, from the

data as presented, it is not clear which given there is enough water layers to account for both species.

However, we can consider that the more stable ion in wet to aqueous environments is the Zundel
ion[92, 93]. In addition, given that the zeolite works cited, which suggest hydronium, were performed
at hydrations of up to 5% weight gain whereas our results go up to 18% weight gain[37], we tentatively

suggest that the INS signatures we observe may be related to the Zundel ion.

One way to investigate the origin of these new features is to use another organic ionomer, which has a
hydration dependent conductivity and that can be modelled with confidence. As such, Nafion[94]
could be such a potential candidate, since its polymer structure is known and it has a hydration
conductivity that exceeds that of melanin. Very recently, an INS/IR study of Nafion and a model
compound triflouromethanesulfonic acid (CF3SOsH or TFSA) has been published[95], which can be
used for comparison. A careful inspection of the INS — TOSCA data reveals that for low hydrated
Nafion and associated TFSA, features similar to what is observed in Figure 6 at 650 — 700 cm™ and
770 — 800 cm™'. Indeed, the spectra in Figure 6 are similar to a potential amalgamation of 6.10 wt%
hydrated Nafion (4.0 moles H20 per SO3) and 7.33 wt% hydrated Nafion (4.8 moles H20 per SO3),
with some correspondence also to the Nafion soaked in water. The corresponding TFSA compounds
would be hydrated with 2 or 4 water molecules, sufficient for the formation of the HsO2" cation, i.e.
the Zundel ion. We note though that the authors indicated that HoO4" could also form at 4 molecules

or more. Fascinatingly, the number of water molecules per acid group is similar to the number of water



layers for our system. Overall, it does appear that the features we observe and identify potentially as
the Zundel ion in melanin may be a more general feature of soft, proton ionomer systems, provided
that the number of water molecules available for solvation is kept to a level below that of bulk water

formation.

Obviously, at this stage the HsO2" ion is a hypothetical particle in hydrated melanin and all signatures
which we tried to attribute to it are indirect and based on correlation. To prove the existence of the
Zundel ion will require more evidence. Given that melanin cannot be crystallized[31, 96, 97] and it is
polyradical[47-49, 98], using the methods that have been used in other inorganic proton superionics
will prove challenging. However, neutron scattering techniques will make crucial contributions into
the studies of potential proton species dynamics and structure. Furthermore, precise examination of
melanin for the HsO2" cation should also include Raman scattering study where the intensive band near
500 cm™! should exist for the symmetric stretch. Probably, broad-band dielectric spectroscopy in the
GHz-THz range should also assist, since the formation of HsO2" that has a relatively low dipole
moment (compared to H2O or H3O") should decrease the general dielectric contribution Ag of water at
these frequencies by well-known wide Debye relaxation [99]. Direct observation of unusual lowering
or constant value of Ag for the main water Debye relaxation in course of melanin hydration would be

a valuable evidence for HsO2" formation.

From the viewpoint of applications development, the HsO2" hypothesis suggests a need to shift
traditional focus in methods of enhancement of melanin conductivity. Classical approach means
doping of melanin with metal ions exchanging protons in carboxyl and semiquinone hydroxyl
groups[100]. However, facilitated decomposition of HsO2" via thermal or chemical way may become

a fruitful alternative in some cases.
Conclusions

In conclusion, we have performed a hydration dependent INS study on the biopolymer melanin. The
method of hydration is new and rigorous to the INS family of techniques. We have investigated the
dry spectra of melanin and modelled the spectra of this disorder oligomeric system as a superposition
of the underlying monomer moieties of different oxidative states, yielding an acceptable result at low
computational cost. We further investigated the hydration component of the spectra and conclude that
the interfacial water in melanin is akin to high density amorphous ice. However, unlike previous
hydrated biopolymer work, additional features have been observed, which we suggest are signatures
of the Zundel ion. These features may be general for soft proton ionomer systems, if they are comprised

of only interfacial water within their structure. The results open up new avenues for exploration in



elucidating the morphology of water and concomitant proton charge transport mechanism in

bioelectronic materials.
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