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Abstract

The melanins are a class of pigmentary bio-macromolecules ubiquitous in the biosphere. They
possess an intriguing set of physico-chemical properties and have in particular been shown to
exhibit hybrid protonic-electronic electrical conductivity, a feature derived from a process termed
chemical self-doping driven by the sorption of water. Although the mechanism underlying the
electrical conduction has been established, how the sorbed water interacts with the melanin
structure at the physical level has not. Herein we use neutron reflectometry to study changes in the
structure of synthetic melanin thin films as a function of H.O and D.O vapour pressure. Water is
found to be taken up evenly throughout the films, and by employing the contrast effect, the
existence of labile protons through reversible deuterium exchange is demonstrated. Finally, we

determine a sorption isotherm to enable quantification of the melanin-water interactions.
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Introduction

Eumelanin is a brown-black pigment! found in nature and is best known as a photo-protectant
against UV radiation® 3 in human skin®. It is also found in other parts of the body, including
the substantia nigra of the brain stem* (combined with pheomelanin to form neuromelanin®) where
the exact biological role is still somewhat uncertain. Eumelanin, commonly referred to as simply
melanin — the nomenclature to be adopted in this paper, is chemically amorphous being composed
of aggregated oligomeric and polymeric species derived from the indolic monomers 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) and their various
redox forms' 2. The monomers are randomly cross-linked to form planar sheets that are stacked via

aromatic z-interactions and have varying conjugation lengths, disorder and dimensions & 7.

Melanin has long interested the materials community because of its novel physico-chemical
properties that include: broad-band optical absorption® & 9; the presence of persistent free radicals®
10-15: robustness towards exposure to harmful radiation'®; almost complete non-radiative conversion
of absorbed photon energy® 7 18: and electrical and photo-conductivity®® 2%, The electrical
properties are strongly dependent upon the degree of hydration, which has led to the view that the
material is a hybrid ionic-electronic conductor'®. The origin of this hybrid behaviour is a redox
reaction, the so-called comproportionation equilibrium (Scheme 1), which yields a chemical self-
doping effect whereby one-electron oxidation of the hydro-quinone to the semi-quinone releases
protons into the hydrating water matrix. These protons diffuse or drift under the action of an
external electric field via a Grotthuss Mechanism.?* Several studies have confirmed this ionic
behaviour?® 22 and a melanin-based battery utilizing the comproportionation principle has been

reported.?®

Due to dual ionic/electronic properties and biocompatibility, melanin is considered a prime
candidate material for bioelectronic applications. One of the key challenges in bioelectronics is to
interface biological entities with read/write or control electronics.?®2¢ Signals in biology invariably
originate from the movement of ions, whilst current in conventional semiconductors is carried by
electrons and holes. Hence, connecting ‘ionics’ and electronics requires a biocompatible interface

capable of transducing these two electrical phenomena.

Since melanin [and associated poly(indole)s] can be made into device quality thin films?2 2934
that retain protonic conduction, the material has the potential to be a model transducing element for
bioelectronic applications, especially when used in combination with organic semiconductors. Neat
and composite device-quality melanin thin films have been investigated in a variety of applications
including transistors, batteries 2% 32 3 and multifunctional coatings®®* *. However, there is

currently no direct structural information on how these films interact with a wet environment with



only inferences based on their electrical properties being made.?> 2> 3% 32 Since hydration is a first
order variable on the electrical properties of melanin®® %° it is clearly important to understand the
structural consequences of hydration. Gravimetric adsorption isotherms for melanin exposed to H>O
and D,O vapour have been reported for pressed powder pellets of melanin'® *, but there are no
such reports for melanin thin films. Furthermore, it would be useful to gain information on how the
water is distributed throughout a film since this impacts performance parameters such as
responsivity, speed, stability, and reproducibility.

Neutron reflectometry (NR) is a means to directly and non-invasively study thin film structure
and particularly how it evolves as a function of time, temperature, and other environmental factors
such as hydration. In an NR experiment, neutrons are directed onto a thin film sample and are
reflected to some degree by each stratum. The reflected waves from each stratus interfere with one-
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where @ is the angle of incidence and 4 is the neutron wavelength. The spacing between the fringes

another, leading to fringes in the reflectivity as a function of momentum transfer, Q =

is directly related to the thickness of layers within the sample and their amplitude is governed by the
Scattering Length Density [SLD, Equation (1)] of the layers. The SLD is the product of the sum of
the bound coherent neutron scattering lengths of the constituent atoms in a molecule and the
number density of said molecules within the film. When films are exposed to H.O and D>O vapour
the contrast in neutron scattering lengths of hydrogen (bn = -3.74 fm) and deuterium (bp = 6.67 fm)
nuclei means that the films scatter quite differently when there is solvent penetration, and/or proton
exchange, because the overall SLD of the film changes markedly.*® The sorption of water into
melanin and the corresponding structural changes can then be modelled as changes in film SLD as a
function of distance from the substrate by least squares analysis of the observed reflectivity

profiles.®’

Herein, we present a NR experiment on melanin thin films exposed to water vapour at
systematically varying pressures with the neutron reflectivity profiles recorded in situ. The
experimental setup involves a vacuum line with an automated static vapour delivery system.
Samples were exposed to the same relative humidities of H.O and D.0O, and the chamber was
evacuated between exposures to observe the reversibility of the hydration process. The static (not
kinetic) delivery system enables a thermodynamic equilibrium to be achieved® and controls the
absolute pressure of the water vapour admitted to the sample chamber. This method overcomes the
errors associated with using saturated salt solutions, where it is generally assumed that the same salt
yields the same relative humidity for both H,O and D,0.%® However, this assumption is not correct

as the saturated vapour pressures of H,O and D,O differ by around 20% at ambient conditions.*® 4



Experimental Methods

Melanin synthesis and thin film preparation: Melanin was synthesised following a standard
literature procedure,*™ ® utilizing as the initial starting material D,L-dopa (Sigma-Aldrich). In brief,
the D,L-dopa was dissolved in deionised water, subsequently adjusted to pH 8 using NHs (aq.,
28%). Air was then bubbled through the solution under stirring for 3 days. The solution was then
brought to pH 2 using HCI (ag., 32%) to precipitate the pigment. The solution was then filtered and
washed multiple times with deionised water and dried. The resulting powder was then suspended in
an ammonia solution as described in previously published work, for spin-coating. Briefly, the
solution composition was ~0.7 g melanin in 5 mL H>O and 10 mL NHz (ag., 28%), which was
stirred for 1 hour at room temperature and the ultrasonicated for 1 hour. Two different sets of
substrates were prepared. The NR and X-ray reflectometry (XRR) studies were prepared on silicon
wafers of 50 mm diameter, which were initially cleaned in Piranha solution [a mixture of sulfuric
acid (98%, 245 mL) and hydrogen peroxide (30%, 105 mL)], followed by a UV-Ozone (20 min)
treatment. The second set of substrates for X-ray photoelectron spectroscopy (XPS) studies were 15
mm x 15 mm silicon wafers, which were cleaned with a warm soap solution (Alcanox), rinsed in
water and ultra-sonicated in acetone (5 min). These latter substrates were then rinsed with deionised
water, ultra-sonicated in 2-propanol (5 min) and dried under a flow of nitrogen. The substrates were
then finally treated with UV-Ozone (20 min). Melanin films were then deposited on the cleaned
wafers in air by spin-coating at 1500 rpm for 60 s from the solution described above. Films for the

NR, XRR and XPS experiments were prepared at the same time from the same melanin solution.

Neutron Reflectometry measurements: The measurements were performed using the PLATYPUS
time-of-flight neutron reflectometer operating in medium resolution mode, (AQ/Q = 4.5%) with a
cold neutron spectrum (2.8 A < A < 18.0 A) at the OPAL 20 MW research reactor [Australian
Nuclear Science and Technology Organisation (ANSTO), Sydney, Australia].*? The samples were
placed on top of a boron carbide block in a sealed sample chamber custom built for use on
PLATYPUS. The chamber is connected to a computer controlled ANSTO “static” vapour pressure
system supplied by Hiden Isochema to an original design based on their XCS sample climate
control system. The vapour pressure above the sample was controlled by two needle valves; one
connected to a turbo pump and the other to a heated liquid reservoir that contained either H.O or
D20 in these experiments. The sample chamber was equilibrated to 25 °C, while the sample climate
control system and vapour transfer lines were equilibrated to 50 °C to prevent condensation within
the delivery system. H,O and D>O were initially degassed with four freeze-pump-thaw cycles. A
final degas was made under vacuum after connection of the water reservoir to the vacuum system.
The melanin films were initially placed under vacuum (< 0.01 mbar) and their reflectivity profiles
were recorded. Samples were then exposed to the desired pressure of H>O or D.O vapour (regulated



by the sorption/desorption system) and their reflectivity profiles were recorded. The sample
chamber was then evacuated to purge the atmosphere and observe the reversibility of the sorption
process before the next exposure to H20 or D>O (Figure S2). The pressure in the sample chamber
was observed to vary by around £ 0.3 mbar during the ~4-6 h exposures to H>O and D20 and this
error range was ascribed to all exposure pressures. After changing the pressure within the cell, data
was recorded with Q €[0.008, 0.057)/A™ (4 = 0.65° at 600 s intervals. When three successive

measurements yielded the same reflectivity profile the sample was deemed to be equilibrated and
the reflectivity profile was recorded across the entire Q-range [0.008, 0.235]/A (6 = 0.65° and
3.00°). Films were exposed to 0%, 7.5%, 20%, 50% and 80% of the saturation pressures of H,O and
D20, which were taken to be 31.0 mbar and 27.0 mbar, respectively.®° It is important to note that
the different absolute vapour pressures for H.O and D2O corresponding to each relative humidity
(% of saturation pressure) result from the different saturation pressures of H,O and D.O and not
from a change in temperature. The films were found to equilibrate within 20-50 mins after water
exposure or evacuation. Reflected beam profiles for the equilibrated films were collected at 0.65°
for 1200-1800 s and 3.0° for 5400-7200 s and normalised to direct beam profiles recorded for each

reflection angle.

NR data modelling: Processing and analysis of the reflectivity profiles was performed using the
Motofit reflectometry analysis program.” 43 All of the models described used an SLD of 2.07 x 107
A2 for the silicon substrate. A three-layer model was used to fit all of the NR data and the
justification for this is as follows. Initial modelling of the melanin films as a single layer on top of a
thin SiO; layer (SLD = 3.47 x 10 A?) led to unsatisfactory fits of poor visual quality with high »?
values. Additional layers were therefore added to the model to improve the fitting quality. Upon the
addition of a second melanin layer, the modelling software reduced the SiO2 thickness to zero,
increased the interfacial roughness between Si and SiO2 and placed a thin interfacial layer at either
the air interface or the substrate interface with a slightly lower SLD than the bulk layer. It was often
observed that the two-layer models would not converge to a unique solution as the y? values for the
two fits with the interfacial layer either at the air or substrate interface were very similar. To address
this, the melanin layers were modelled as three-layer films comprising a bulk layer (which
comprises the majority of the film) with two thin interfacial layers at the substrate and air interfaces.
Such a model permits a transition layer at each interface. Once again, the fitting software minimised
the thickness of the SiO; layer and increased the roughness between the silicon substrate and the
lowest melanin layer. Given that the modelled SLDs of the interfacial layers in contact with the
substrate are similar to or greater than the SiO, SLD it was concluded that the SiO- layer could not
be adequately distinguished as a separate layer and it was removed from the model with its effects

being incorporated into the increased roughness of the silicon/melanin interface. When the melanin



films were fitted using the three-layer model without a dedicated SiO2 layer, it was found that
several of the fitting parameters (the thickness and roughness of the interfacial layers and the
substrate/melanin roughness) were practically invariant in each fit for a given film. As such, these
parameters were fixed in the modelling based on the parameters from the best fit to the initial
melanin films under vacuum [the 0.0 mbar plots in Figures 2 (A)-(D)] and a list of the parameters
used is given in Tables S1 and S2 in the supplementary information. This left only four free
structural modelling parameters — the thickness of the bulk melanin layer and the SLDs of the three
melanin layers in the model. For modelling consistency, all NR profiles were modelled using the
three-layer model with only four unconstrained parameters as described. This approach consistently
gave the lowest ¥ values (significantly lower than two layers), with excellent fits for all changes
occurring for a given film during exposure to H20 or D20 and subsequent evacuation (representing
a minimum of five SLD contrasts between the melanin film, air and the silicon substrate). This
model also provided the flexibility for the modelling software to make the SLDs of the interfacial
layers equal to that of the bulk layer if additional layers were not required (see Tables S1 and S2).
In each case, the SLD of the interfacial layers rose and fell with the same trend as the bulk layer

suggesting that water penetrating or leaving the bulk was also doing so in the interfacial layers.

X-ray reflectometry (XRR) measurements were performed as a function of incident angle (6) on a
Panalytical X’Pert Pro reflectometer operating with Cu Ko (1.54 A) radiation. X-rays from a (45
kV) tube source were focused with a Gobel mirror, collimated with a 1/32° pre-sample slit and
detected with a Xe scintillator detector. A sample was placed inside a custom-built sample chamber
under a vacuum (16 mbar) for the measurement. Analysis of the reflectivity profile in Figure 1 (B)
was also performed using the Motofit reflectometry analysis program.” The model used an SLD of
20.1 x 10 A2 (iSLD = 4.7 x 107 A?) for the silicon substrate with an interfacial roughness of 6.3
A between the silicon substrate and the overlying organic layer, which had a thickness of 443 A, an
SLD of 13.4 x 10 A2 and a roughness of 11.1 A at the organic/air interface.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos Axis
Ultra XPS Surface Analysis System with a monochromatic Al Ka X-ray source. Survey and high
resolution scans were taken at 120 and 20 eV pass energies, respectively. The spectra were
referenced to the binding energy of the N 1s peak of poly(9-vinylcarbazole) at 400.22 eV.* The
XPS spectra were analysed using Casa XPS software. Atomic ratios for C, N and O were
determined from the integrated areas under the C 1s, N 1s and O 1s peaks, respectively, using
Shirley backgrounds for the peak modelling.

Results and Discussion



The SLD, pi, of a material i is given by

r iN v e 1 o
r,= MM ~anb, 0; anb;, (1)
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where pw,i is the mass density of species i, Nay is Avogadro’s number, M; is the formula mass of
species i, Vi is the molecular volume of species i, n;j is the number of atoms j in the molecular
formula of species i, and bj are their corresponding bound coherent neutron scattering lengths®. To
establish the effect of water exposure on the melanin films, it was first necessary to determine the
mass density and average empirical formula of a dry melanin film under vacuum. This was
achieved using a combination of three methods: NR, XRR and XPS, following procedures
described previously (Figures 1 and S1).* Three independent NR measurements on evacuated
melanin films prepared under the same conditions [Figure 1 (A)] revealed film thicknesses of 420-
443 A. The neutron reflectivity profiles were modelled with three layers as described in the
experimental section. Both of the thin interfacial layers had SLDs that were slightly lower than or
equal to the bulk layer depending on the exposure state. To simplify the analyses that follow, the
thickness-weighted average of the individual layer SLDs (prim, Tables S3 and S4) were determined.
The average neutron SLDs for the three melanin films under vacuum prior to exposure were similar
being 3.29, 3.34 and 3.32 x 10°% A2 [Figure 1 (A)]. The range of the observed prim values
(0.05x 10% A?) was used to account for random sample-to-sample variations between
measurements on separate films by adding this value to the uncertainties in the layer SLDs
generated by the fitting software. The combined errors in the layer SLDs were then propagated
throughout subsequent calculations. For the XRR contribution to the determination of the prefactor
in Equation (1), an X-ray reflectivity profile recorded for a fourth evacuated melanin film [Figure 1
(B)] was modelled as a single layer with a thickness of 443 A and an X-ray SLD of 13.4 x 10 A2,
Finally, high-resolution XPS measurements under vacuum revealed atomic percentages for C, N
and O of 72.3%, 9.2% and 18.5%, respectively (Figure S1). When combined with the neutron and
X-ray SLDs these atomic ratios were consistent with the empirical formula (used to determine M;)
of C7.83Hs.390NO201, Which is commensurate with that of crosslinked dihydroxyindole (CsH7NO>)
and indolequinone (CsHsNO5), and a mass density (pwm,)) of 1.52 g cm™ for the initial melanin matrix
under vacuum. Given that the XPS measurements were performed under vacuum and that the
C:N:O ratios determined were commensurate with the known molecular constituents of melanin, it
was assumed that most of the sorbed water was removed from the as-cast films under vacuum for
the purposes of our analysis. Throughout this work the “matrix” is defined as the macromolecular

melanin framework associated with the initial film volume. This includes voids associated with



imperfect packing of the macromolecules in the evacuated film and any water that sorbs into these

voids upon exposing the film to water.

With the baseline material parameters ascertained, the effect of increasing pressures of H>O or
D0 vapour are shown in the corresponding NR profiles given in Figures 2 (A) & (C), respectively.
After each exposure to water vapour the sample chamber was evacuated and the reflectivity profiles
of the films were re-measured to examine the reversibility of the sorption processes. The
corresponding NR profiles of the evacuated films after each exposure are shown in Figures 2 (B) &
(D) for H2O and D20, respectively. The reflectometry profiles obtained were modelled as three-
layer films as described for the initial film NR data in Figure 1. As described in the experimental
section, the changes in the reflectivity profiles due to sorption and desorption of water were
modelled with only four free structural parameters: the bulk layer thickness and the SLDs of the
three layers in the model. A complete list of the fitting parameters used is given in Tables S1 and S2
in the supplementary information and the corresponding total film thicknesses and average film
SLDs (primS) are given in Tables S3 and S4. The fact that the exposed films could be modelled by
simply expanding the bulk layer, yielding predominantly uniform SLD versus thickness plots,

indicates a largely even distribution of H20 or D0 throughout the film volume.

Upon exposure to increasing vapour pressures of H>O the melanin films were observed to swell
[inset Figure 2 (A)] whilst the SLD of the film decreased, as was expected from the uptake of H2O.
For vapour pressures up to 6.2 mbar (20% relative humidity) of H.O, the film was observed to
contract to close to its original thickness and SLD upon evacuation. However, incomplete
contraction was observed when the film was exposed to higher H2O pressures [Figure S2 (A)]. The
melanin film exposed to increasing vapour pressure of D>O was observed to swell and contract in a
similar manner to the film exposed to H2O [Figure S3 (A)], with incomplete contraction observed
after exposure to D2O pressures of 13.6 mbar (50% relative humidity) and above. The SLD of the
exposed film also increased significantly [Figure 2 (C)], as was expected from the uptake of D0
into the film. The SLD of the evacuated film also rose after each successive exposure to D20
[Figure 2 (D) inset], indicating that H-D exchange was occurring with the melanin macromolecules
in the film. It was assumed that any additional volume of the films after swelling and evacuation
(determined from the film thickness) was occupied by traces H>O or D.O trapped during
contraction of the films with their usual neutron SLDs. The effects of water exposure on the
melanin films were quantified by separating the contributions of the melanin matrix and the

swelling water to the average film SLD using



pFiIm = ¢MatrixpMatrix + ¢Swellinngater (2)

Where g, eiing = TSWO-I;-e Sl , 3
Swollen
¢Swel|ing + ¢Matrix =1, (4)
Pratrix = Prsetanin Pretanin T Poids Prvoids T Pivater watrix Pwater ®)
aNd yyeranin * Aoics + Auater, atrin =L (6)

where prim is the average modelled SLD of the film, pmatix is the SLD of the melanin matrix,
pwater is the SLD of either H20 (—0.56 x 10% A2) or D20 (6.36 x 10°® A6), gsweiing is the fraction of
the film volume occupied by swelling water [that is > 0 for all exposed films and evacuated films
that did not return to their original thickness, see Figures 4 (A) and (D)], ématix is the fraction of the
swollen film volume that was occupied by the melanin film at its initial thickness Tnitial, Tswollen 1S
the thickness of the swollen film after water exposure, ¢’meianin 1S the volume fraction of the matrix
occupied by the melanin and pmelanin is its corresponding SLD, ¢'voids is the volume fraction of the
matrix occupied by void space (pvoigs = 0.00 x 10 A2), and ¢'water,matrix is the volume fraction of

the matrix occupied by water that sorbs into the void space.

In Equations (2-6) the matrix is defined by the initial volume occupied by the melanin film
under vacuum prior to water exposure, incorporating any voids associated with imperfect packing
of the melanin. During water exposures some of the void space becomes occupied by matrix water
(in addition to the swelling water accounted for by @swellingowater) and pmatrix comprises SLD
contributions from the melanin, the void space and any water occupying the voids. These are
represented by the ¢ 'MelaninoMelanin, @ VoidsPvoids aNd @ ‘Water, Matrixowater terms, respectively. Henceforth,
water contributing to the @sweliing term will be referred to as “swelling water” and water contributing

to the ¢'water,matrix term will be referred to as “matrix water”.

To begin the analysis of water uptake, the values of @sweiing Were determined during (exposed)
and after (evacuated) exposure to increasing H-O and D20 pressures using Equation (3) and their
values are shown in Figures 3 [(A), H20] and [(D), D20], respectively. The volume fractions due to
swelling water were up to 0.19 for H20 exposure and 0.17 for D.O exposure. The small residual
volume occupied by swelling water in the evacuated films following exposure to high pressures was
found to be up to 0.02 for the film exposed to H>O and up to 0.04 for the film exposed to D20 and
H20. It was found that ¢swening Was proportional to the absolute exposure pressure [Figure 4 (A)],
regardless of whether the film was exposed to H.O or D2O. This indicated a direct relationship
between melanin film swelling and the number of water molecules in the atmosphere, and not the

relative humidity as might be expected from Raoult’s law.

To determine the effects of exposure on the matrix, the SLDs of the melanin matrix (pmatrix) Were

calculated from ¢@sweliing and prim using Equations (4) and (2) and these are plotted as a function of



exposure state for exposed and evacuated melanin films in Figures 3 (B, H20) and (E, D20). In the
case of H20 exposure, the value of pmatix Was constant (within error) for all exposure states. This
indicates that the volume fractions of melanin molecules (¢'melanin) and the sum of the voids (¢'voids)
and matrix water (¢'water,matrix) did not change significantly upon expansion and contraction under
H20, once the small contributions from swelling water to the film SLD (@swellingowater) Were
removed. Given that the SLD contribution of matrix H.O would be negligibly small it was not
possible to separate it from the SLD contribution of the void space of 0 A2 Nevertheless, the
invariance of pmatrix With H20O exposure state indicates that the partial molar volume of the melanin
molecules was unaltered upon expansion and contraction. In contrast, the values of pmatix for the
film exposed to D20 were not constant but followed the same trend as prim once the contributions
from the swelling D-O had been removed. Exposure to D20 led to significant increases in prim and
PMatrix, 1N part because of the relatively large positive SLD of the D2O swelling the film. The
increases of pmatrix On exposure to D>O could result from changes in the amount of sorbed matrix
water or changes in the SLD of the melanin molecules upon H/D-exchange [Equation (5)] and so an

examination of these effects was undertaken.

To quantify water uptake into the matrix, and thereby the total water uptake of the melanin films,
it was necessary to determine the amount of swelling water and the amount of matrix water in the
film upon exposure. This involved separating the contributions of the melanin, matrix water,
swelling water and voids to prim [Equations (2) and (5)], which will now be discussed. The SLD
contribution of the matrix (dmatrixomatrix) and prim for the exposed films are plotted in Figure 4 (B) to
indicate the contribution of the swelling water (dswellingowater) t0 prim. The values of @swellingowater fOr
H20 were an order of magnitude less and of opposite sign than those for D.O due to the relative
values of pwater being —0.56 x 10® A2 and 6.36 x 10 A5, respectively. This meant that within the
experimental error prim = dmatrixpmatrix in the case of H2O exposure, making the SLD contribution
from matrix H2O too small to be determined. We therefore focussed on the D.O exposure data to
determine the uptake of DO into the voids in the melanin matrix. Since the exchange of labile
protons in the melanin macromolecules for deuterons (H/D-exchange) was expected based on the
comproportionation equilibrium (Scheme 1), the value of pmatix Was expected to increase with D>O
exposure pressure due to increases in pwmeianin. AS previously described, it was assumed that any
additional volume in the evacuated film after exposure to higher D>O pressures [Figure 3 (D)] was
caused by residual swelling DO trapped in the film by rapid contraction of the expanded matrix
towards its original volume. The SLDs of the melanin matrix (pmatix) for both the D>O exposed and
subsequently evacuated films are plotted against exposure pressure in Figure 5 (A). It was found
that the pwmatrix curves for the exposed and subsequently evacuated melanin matrix did not overlap,

with the value of pmatix for the film exposed to D20 being greater than the subsequently evacuated



film in each case. Both curves were fitted using a Type | isotherm*® (details of which will follow
shortly) consistent with chemisorption of the DO into voids within the melanin matrix, followed by
subsequent desorption of this bound water upon evacuation of the films. Therefore, the increase in
pmatrix Of the evacuated film (with respect to the initial pmatix) With each DO exposure pressure was
attributed to H/D-exchange between D>O and the melanin [red shaded area in Figure 5 (A), under
the assumption that all matrix water was removed from the voids upon evacuation]. The additional
contribution to pmatrix in the exposed film [blue shaded area in Figure 5 (A)] was attributed to matrix
D20 occupying the inherent voids within the matrix that was subsequently removed under vacuum.
In light of the observation that pmatix Was constant for the melanin film exposed to H.O [Figure 3
(B)], it seems clear that the volume fraction of melanin within the matrix (¢'melanin) remained
relatively constant whether the film was evacuated or exposed. The volume fraction of the matrix

occupied by water (& warix ) Was therefore estimated by extension of equation (5) to give

o ' ’
pMatrix,Exposed - ¢Melanin pMeIanin + ¢Voids,Exposed pVoids + ater,MatrixpWater ’ (7)
o ’
pMatrix,Evacuated - ¢Melanin pMeIanin + ¢Voids,Evacuatedeoids1 (8)
! o !
Where ¢Voids,Evacuated - ¢V0ids,Exposed + ¢\Nater,Matrix' (9)

and ¢\;\/ _ pMatrix,Exposed - pMatrix,Evacuated
ater,Matrix

, (10)

p Water

Where pmatrixExposed aNd  pmatrix,Evacuated are the pmarix values for the exposed and subsequently
evacuated melanin film for a given exposure pressure [Figure 5 (A)], pmelanin is the SLD of the
melanin macromolecules at a given exposure pressure (reflecting the level of H/D-exchange), pvoids
=0.00 x 108 A2, and pwater = 6.36 x 10® A2 for D2O. It should be noted from Equation (10) that
the invariance of pmatrix Upon exposure to H>O and subsequent evacuation [Figure 3 (B)] precluded

the determination of ¢, ; ., for the film exposed to H20. The values of ¢ ; .., calculated

using Equation (10) are shown in Figure 5 (B) and a considerable fraction of the matrix volume [
=0.11 + 0.02] was found to be occupied by D20 at 80% relative humidity.

'
¢DZO, Matrix

Given that it was assumed that the increases in pwmatrixEvacuated Were due primarily to H/D-
exchange, this was quantified as the percentage of exchanged H nuclei using Equation (1). The
number density of melanin units of average molecular formula C7.g3Hs39NO2.01 was determined
from the product of their initial number density [prefactor in Equation (1)] in the melanin film prior
to D20 exposure (6.28 x 10 A®) and @marix of the deuterated films under vacuum to account for
the slight film expansion upon exposure to higher D,O pressures. By exchanging H nuclei
(br = —3.74 fm)3® for D nuclei (bp = 6.67 fm)* in the summation term of Equation (1) it was found
that up to 47% of the melanin protons were exchanged for deuterons as the D>O exposure pressure

was increased to 21.6 mbar (80% relative humidity) [Figure 5 (B), red curve]. It should be noted



that this calculation provides an upper limit for the amount of H/D-exchange because it was
assumed that all of the matrix D2O could be removed upon evacuation of the sample chamber. If
this assumption was modified to permit a degree of matrix water to be trapped, like the swelling
water was found to be at higher exposure pressures, this would also increase the observed values of
pmatrix IN the evacuated state. To provide an estimate of the amount of matrix water that may be
trapped in the evacuated films, the fraction of swelling water remaining in the films after exposure
and evacuation [@swelling,Evacuated/@swelling,Exposed] Was calculated for each exposure pressure. The
equivalent SLD contribution from residual trapped matrix D>O was calculated assuming that the
same fraction of matrix D.O [Figure 5 (B)] was trapped in the film after evacuation at each
exposure pressure. The SLD contribution from this additional trapped matrix DO was subtracted
from the observed values of pmatrix for the evacuated film at each exposure pressure to give the black
curve in Figure 5 (A). The corresponding percentage deuteration values after removing the
contribution from additional trapped matrix D2O [Figure 5 (B)] indicate a maximum percentage
deuteration of around 42% after the 21.4 mbar D,O exposure, indicating that the assumption of
complete matrix water removal may overestimate the amount of deuteration by around 5% at higher
exposure pressures. This suggests that 42-47% of the hydrogens in melanin are available for
exchange in the comproportionation reaction (Scheme 1). Given the chemically amorphous nature
of the melanin matrix it was not possible from these measurements to say which H nuclei were
being exchanged. However, given the rate at which this occurs that the predominant exchange
would be OH and NH exchange as opposed to CH exchange.

The pressure dependences of both the percentage of H/D-exchange and the ¢ .., values
follow the shape of a type 1 isotherm. We therefore modelled the data with:

f(p)= 1'1“app, (11)

where n is the limiting value of f(p) at infinite pressure, « is a constant related to the strength of
adsorption and p is the absolute pressure of DO over the film. The a parameters determined by
least squares fitting to the data were the same within experimental error, being 0.12 + 0.01 and

0.07 £ 0.05 mbar for the H/D-exchange percentage and ¢}, , .. » respectively. This may indicate

some correlation between the two processes: as the pressure rises the amount of internal surface
area covered with chemisorbed D.O increases according to Equation (11); H/D-exchange then
occurs with the matrix D20 causing the extent of melanin deuteration to follow a similar trend. For
this mechanism to be consistent with our experimental observations, it would require a relatively a
slow exchange of the water within the film with the remaining water in the sample chamber in order

to be consistent with the stability of the film reflectometry profiles over the 2-2.5 hour



measurement period (otherwise the reflectivity profiles recorded at the two reflection angles would
not overlap). That is, the exchanged hydrogen atoms do not appear to escape the film within the

experimental timeframe but only upon evacuation of the film.

Having quantified the influence of swelling water, matrix water and H/D-exchange on prim, the
only compositional parameter remaining is the intrinsic void space within the melanin matrix.
Given that the voids have no scattering length density (pvoiss = 0 A2) it was not possible to measure
their volume fraction directly. However, the maximum volume fraction of the matrix occupied by
D20 at infinite exposure pressure [n in equation (11)] was estimated to be 0.18 £ 0.07 and this

represents a lower limit estimate for ¢ \idgs Within the melanin matrix.

To draw the above analysis together, the total contribution of D.O to the measured SLD of the
film exposed to D20 (pwater,Film) Was determined using

pFiIm = ¢Matri>< (¢ IMelanin pMeIanin + ¢ IVoids pVoids + ¢ 'Water,Matrix IOWater)+¢Swellinngater ’ (12)

pWater,FiIm = (¢Swelling + ¢Matrix¢ IWatter,Maurix )pWater ' (13)

The individual contributions from swelling D>O and matrix D>O from Equation (13) are shown in
Figure 6 (A) along with the total pwater,rim. The summation of the contributions from matrix (Type |
isotherm behaviour with p) and swelling (linear behaviour with p) D,O leads to an almost linear
increase in the contribution of D20 to the SLD of the film following the initial rapid intake of water
into the matrix voids. The SLD contributions of D>O and melanin were converted into the
corresponding adsorption isotherm for comparison with the previously reported gravimetric

isotherm for the sorption of D20 into melanin pellets.*® The molar density of D20 (in mol cm-3) was

determined from pwaterFim and > nb; (= 1.91 x 10* A for D,0) using Equation (1). Similarly,
f

the mass density of melanin (in g cm) was determined from the SLD of the swollen deuterated

matrix (= @matrixPMatrix,Evacuated) aNd the corresponding Z n;b, and M; values for the appropriate level
i

of H/D-exchange at each D.O exposure pressure. The corresponding isotherm was then determined
by dividing the molar density of D,O by the mass density of melanin within the film [Figure 6 (B)].
It should be noted that the isotherm determined from the NR data takes into account the effect of
H/D-exchange on the melanin mass, whereas the gravimetric isotherm does not. However, the
minor differences in mass densities of the H/D-exchanged matrix and the matrix with natural
isotopic abundance of 0.01-0.04 g cm™ were all within the experimental errors in the calculated

density values of 0.05-0.06 g cm™.

The thin film isotherm indicated D>O uptakes on the same order of magnitude as the previously
reported gravimetric isotherm for pellets. Furthermore, the curves appear to have a similar form

with the rapid Type | isotherm uptake of DO into the voids dominating at low pressures followed



by a more linear film swelling regime at higher pressures. The gravimetric isotherm for the uptake
of D20 by pelletised melanin appears to contain a much greater contribution from the Type |
isotherm behaviour indicative of more pronounced uptake of D20 into voids in the matrix. We
correlate this observation with the larger interfacial area of the pelletised samples and the fact that
the melanin within them is likely to be less well packed than the compact thin films. This
observation is also consistent with the generally lower uptake of D20 by the thin film samples. At
higher exposure pressures the isotherms show similar gradients of D>O uptake with increasing
pressure indicating consistent uptake of swelling water in pellets and thin films after the void space

becomes largely saturated with matrix water.

To complete the study, a final measurement was performed to probe the reversibility of H/D-
exchange with the melanin matrix. After the 21.4 mbar D.O exposure (80% relative humidity) and
subsequent evacuation, the prim of (4.80 + 0.07) x 10 A2 was larger than the initial prim prior to
D20 exposure of (3.34 + 0.05) x 10° A2, due to the H/D-exchange between D,O and the melanin
molecules. The film was then subjected to a single exposure of 24.8 mbar (80% relative humidity)
H>O (Figure 7) without breaking the vacuum in the sample chamber.. Upon exposing the deuterated
melanin film to the same relative humidity of H,O and allowing it to equilibrate, the fringes in the
reflectivity profile had a much smaller amplitude. This indicated that the SLD of the film was
approaching that of the silicon substrate in a similar manner to that observed for the film exposed to
H.O alone [Figure 2 (A)]. After subsequent evacuation, the SLD of the melanin film
[(3.47 £ 0.05) x 10 A?] was nearly restored to its original value, indicating that exposure to H.O
was capable of reversing the H/D-exchange in the film. The interactions of water with melanin were
therefore observed to be quasi-reversible both in a sense of swelling hysteresis and H/D exchange

of labile melanin protons/deuterons upon raising and lowering the ambient water pressure.

With the above analysis concluded, we now turn to the relevance of the observations to the
application of melanin thin films in device configurations. The key insights from the NR study in
this regard are: firstly, around half of the melanin protons are labile and available for H/D-
exchange; secondly, the predominantly uniform film SLD profiles indicate that melanin films
absorb water evenly throughout their volume; and thirdly, the melanin film absorbs DO at similar
magnitudes as previously published adsorption isotherms on pellets, with a near-linear increase with
pressure after an initially rapid uptake. The large number of labile protons available in the film is an
encouraging sign for ionic-electronic transduction. Considering the comproportionation reaction in
Scheme 1, the generation of hydronium/deuteronium ions requires labile protons/deuterons. Thus,
the combination of ready and reversible H/D-exchange shown above indicates that there are
plentiful protons available for charge carrier generation. However, it must also be borne in mind

that other proton sinks and sources are also present, such as amines and carboxylic acid groups that



do not take part in the redox process. Thus, we can expect melanin films to become more

conductive as they are hydrated, which has been demonstrated.!3 15 19 22, 23,35

Importantly, it has been shown previously that the water content in a melanin sample is not
proportional to the relative humidity of water vapour above the melanin pellets.> ** The NR data
shows that the D20 content in a melanin film is nearly proportional to the absolute vapour pressure
above around 5 mbar as the Type 1 isotherm governing the sorption of D>O into matrix voids
begins to plateau and the linear contribution of the swelling water dominates the sorption profile
[Figure 6 (A)]. This will simplify the analysis of future experiments by using the absolute exposure
pressure, which is easily measured, as a surrogate for water content when correlating changes in
other dependant variables above this exposure pressure. A further question remains as to whether
this trend holds for H2O vapour exposure. The gravimetric isotherms for H>O and D20 sorption by
pellets are similar but the rapid initial rise in water content, which we correlate with the
chemisorption of matrix water by the pellets, is less pronounced at low relative pressures of H20.%
Combining this with the similar swelling behaviour of melanin films exposed to H.O and D.O
[Figures 3 (A) and (D)] we expect that the adsorption isotherm for melanin thin films exposed to

H>0 would also follow a near-linear trend akin to the D,O isotherm in Figure 6 (B).

Conclusions

Melanin is an important biological functional material, which is proposed to be useful for
bioelectronic interfaces because of its hybrid ionic/electronic conduction. The structural impact of
water sorption on melanin films as a function of pressure has been observed for the first time using
neutron reflectometry. The technique for controlling the vapour pressures eliminates common
systematic errors found in studies that use saturated salt solutions as the water vapour source and
opens up the technique for future research on water-sensitive conductive organic materials. Melanin
thin films swell under water exposure, contract under subsequent evacuation and sorb both H>O and
D20 evenly throughout the bulk. Furthermore, the DO sorption process is made up of two
contributions: chemisorption into intrinsic voids in the film (matrix water) that follows a Type |
isotherm and absorbed DO that leads to the expansion of the film volume (swelling water) that
increases linearly with exposure pressure. When these contributions are considered together, the
increase in total water content of the film is near-linear with D>O exposure pressure. Reversible
H/D-exchange with the melanin matrix revealed that nearly half of the melanin protons are labile
and thereby available for charge conduction. All of these results combined with latent
biocompatibility make melanin an excellent material choice for use in thin film bioelectronic

devices.
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Scheme 1: The comproportionation reaction between melanin and sorbed water. A dihydroxyindole
and an indolequinone react with water to form indole semiquinone radical anions and hydronium

cations. Wavy bonds indicate potential crosslinking sites between indole units.
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Figure 1 (A) NR and (B) XRR profiles of melanin thin films dried under vacuum. Each data set was
recorded on a separate film produced from the same melanin solution. Individual points indicate
recorded data and solid lines black lines represent the spectrum predicted by the fitting model and
traces are offset for clarity in (A). The insets show the corresponding modelled 1D variations in
SLD with increasing distance from the silicon substrates.
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Figure 2 NR profiles (offset for clarity) with fits and modelled SLD versus thickness plots (inset) for
melanin films exposed to H>O (A & B) and D.O (C & D). All of the data in (A) and (B) are from
measurements on the same film and all of the data in (C) and (D) were recorded on a separate film.
In each figure the 0.0 mbar spectrum corresponds to the initial measurement of the film under
vacuum. Figures (A) and (C) show the data for films exposed to H>O and D20, respectively.
Pressures are given in the legend on the right of each figure. Figures (B) and (D) show the data for

films after the cell was evacuated following each exposure to remove the H,O and DO,

respectively.
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determined using Equation (2) from the values of @sweiiing and prim. Both curves have been fitted to
Type | isotherms. The blue curve indicates pmatrix When the film was exposed to D.O. The red curve
indicates pwatrix When the sample chamber was evacuated to remove the labile D2O. The black curve
indicates the predicted value of the pmatrix for the evacuated film assuming that the same percentage
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difference in SLD observed in Figure 5 (A). H/D-exchange (red and black curves) is expressed as a
percentage of the initial hydrogen stoichiometry required to give the SLD difference between the
evacuated matrix SLDs and the initial matrix SLD. The volume fraction of matrix D20 (blue curve)
was calculated using Equation (10) and both curves are fitted to Type | isotherms.



A 207 . MatixD,0 B)
¢ Swelling D,O s o
S e Total D,O E’ 2
X 151 e o
‘o ,r, ‘9
I g - E
< 1.0- ,/’ﬁ R s
8 ’ P ]
s c
= /! M - S
= 051 /E ’::'E—”—_ 4 S
c ’ ,/¢J’ (@]
8 H.W*E S
o o
OO T T T T 1 B
0 10 15 20 25 =

D,0O Pressure (mbar)

124

104

Thin Film - NR
Pellet - Gravimetric

5 10 15

20 25

D,0 Pressure (mbar)

Figure 6 (A) The contributions of D20 to the SLD of the total exposed film SLD as a function of
pressure. The total contribution (black) has been broken down into a contribution from D20
causing the film to swell (green, linear) and D>O chemisorbed into voids in the matrix (red, type |
isotherm). (B) D20 adsorption isotherms measured by neutron reflectometry (NR) and gravimetric
methods.™® The dashed grey lines in (B) follow the same gradient and are a guide to the eye.
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Figure 7 NR profiles (offset for clarity) and SLD versus thickness profiles (inset) for the film
initially exposed to D.O [Figures 2 (C) and (D)] followed by a final exposure to H2O. The upper
four profiles show the results of successive exposures (followed by evacuation) to 80% relative
humidity of D,O (red) and H>O (green). The bottom curve (purple) is the initial profile recorded for
the film under vacuum before any exposures were made. In the inset the solid lines indicate the

evacuated sample and the dashed lines the D.O/H.O-exposed sample.
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