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ABSTRACT

Melanin, with its high refractive index (RI) and broadband absorption, is an important biomaterial responsible for many of the vibrant
structural colors observed in nature and for UV protection. Even though the RI plays an important role in the function of melanin, there is
an ambiguity in its reported complex RI and a lack of understanding of whether and how the UV radiation, these materials are likely to
experience under normal use, will affect the complex RI. Here, we measured the wavelength-dependent (360-1700 nm) complex RI of
synthetic melanin films before and after in situ UV treatment using ellipsometry. We modeled the ellipsometric data using a modified Tauc-
Lorentz dispersion model and measured the thickness independently using atomic force microscopy. The UV radiation reduces the film
thickness. Interestingly, we find that both the real and imaginary terms of the RI increase upon UV radiation. These experiments provide
accurate measurements of the optical properties of melanin and a surprising result that synthetic melanin absorbs more light (~25% increase
in extinction coefficient) below 600 nm after UV exposure.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024229

Melanin, a ubiquitous dark pigment widespread in many living
organisms, is well known for protection against ultraviolet (UV) radia-

(DHICA), generated by oxidation of dopamine and 1-3,4-
dihydroxyphenylalanine (.-DOPA).” Synthetic melanin has been

tion." * Melanin is described as a complex heterogeneous biopolymer
and is not composed of one unique chemistry but instead represents
black pigments found in various organisms including bacteria, fungi,
plants, and animals. Currently, melanin is classified using five main
groups that include eumelanin, pheomelanin, neuromelanin, allomela-
nin, and pyomelanin.' All these different types of melanins are synthe-
sized using different starting monomers.” ® Eumelanin is one of
the most studied melanins and consists of two main monomers, 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid

synthesized using dopamine and L-DOPA in the form of spherical
particles with well-defined sizes and also coatings for membranes
and surface modifications.'’”"” Interestingly, the final polymer-
ized form of melanin is also very heterogeneous and is held
together by covalent bonds and secondary interactions (e.g.,
H-bonding and n-n s‘cacking),“L which complicates the structural
elucidation with advanced characterization techniques such as
solid-state nuclear magnetic resonance, infrared, and Raman
spectroscopy. e
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Nonetheless, this enigmatic material exhibits multifunctional
properties, which attract interest from diverse disciplines.'® In particu-
lar, two unique optical properties of melanin have been of interest for
decades. One is the high refractive index (RI, ~1.7-1.8), which results
in vibrant structural colors'"'**” and applications for medical diag-
nostics.”” " The second is the broadband absorption, which is respon-
sible for enhancing saturation in structural colors,'"'*"*" protection
against UV radiation,”"”” thermoregulation and imaging,” > and
optical contrast in photoacoustic imaging.”® Both of the above proper-
ties are expected to be influenced by UV radiation, especially consider-
ing melanin’s tendency to undergo structural changes when it acts as a
UV-protective agent with UV-dissipative and radical-scavenging abili-
ties.””” Recently, it has been shown that after high dosage of UV radia-
tion, melanin synthesized using polydopamine (PDA) and L-DOPA
degrades to release CO,, and some of the indole units are converted to
a furopyrrole structure.” Hence, there is a need to understand the
optical properties of melanin and how it is affected after UV exposure.

Even though the complex RI (n" = - ik; n - real part, k - imagi-
nary part) of melanin plays a vital role in structural colors and photo-
protection, the quantification of #n* for melanin has been challenging.
The first report on the measurement of n of melanin used a solvent
contrast-matching method and estimated RI to be greater than 1.77.”
The wavelength dependence of #n for melanin in jewel beetles was
reported to be from 1.79 to 1.64 (400-700nm).” Stavenga et al.
derived the RI for melanin in tissues using an interference microscopy
technique.””*" The wavelength dependence of x was measured by
Xiao et al. using UV-vis absorption of synthetic melanin particles sus-
pended in water."' By using a low concentration of melanin, they min-
imized the scattering effect.’” However, scattering is not eliminated by
this approach. Two recent studies used ellipsometry to measure n* for
polyindoledione and PDA, which are synthetic melanins.’*"
However, the polyindoledione system lacks the chemical heterogeneity
of typical melanin™ and the analysis on PDA did not yield
Kramers—Kronig consistent values, which are required for high-
absorbing materials, and underpredicted n of melanin (~1.49).
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Considering the importance of optical properties of melanin and the
ambiguity of the reported RI values, there is a need to measure n* over
a broad range of wavelengths.

Here, we report measurements of wavelength-dependent n*
using ellipsometry from 360 to 1700 nm for melanin thin films
prepared using two chemistries: PDA and poly(dopamine -
L-DOPA) (PDD). PDA is the most common form of synthetic
melanin chemistry, and PDD chemistry is closer to that of natural
melanin because of L-DOPA that is critical to the biosynthetic
pathway.” The melanin films were prepared on a silicon wafer
through the one-step auto-oxidization process at the air-water inter-
face of the melanin-polymerizing solution (Fig. 1), following a modi-
fied film-forming procedure (for experimental details, refer to the
supplementary material).”’ Recently, there have been suggestions
that intermolecular assembly in melanin could lead to stacked struc-
tures along the growth direction."* However, we provide evidence
that including the uniaxial anisotropic model does not reduce the
residuals. Therefore, we consider our system to be isotropic. Two
steps were taken to implement a reliable analysis of the ellipsometer
data. First, we directly measured the film thickness and roughness
using atomic force microscopy (AFM). The directly measured thick-
ness eliminated the “thickness” term as a fitting parameter in model-
ing ellipsometric parameters (delta (A) and psi (‘¥')). Second, since
melanin is an amorphous high-absorbing material with structural
complexity,]5 we used the Kramers-Kronig consistent multi-
oscillator Tauc-Lorentz (TL) dispersion model to calculate n” disper-
sion. This method was also used to determine how the optical
properties of melanin change upon UV irradiation (320-450 nm, up
to 2.36 x 10° J/g), a property that is critical for photoprotection. Our
observations are consistent for the two chemistries in that both n
and «x increase after radiation. These results suggest that the
UV-protective function of melanin is enhanced after UV exposure.

We coated synthetic melanin on part of a silicon wafer for accu-
rate measurement of the film thickness [Fig. 1(a); the film preparation
methodology is described in the supplementary material]. Scanning

e T T T T
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FIG. 1. (a) A diagram of the partial-coating process of synthetic melanin on the silicon wafer. A silicon wafer, partially covered with parafilm, is placed facing down on top of
the melanin-polymerizing solution surface. After 3—4 days of reaction, a melanin film forms on the silicon wafer, resulting in a sample appearing blue. After the coating pro-
cess, the parafilm is removed and the melanin-half-coated wafer is ultrasonicated in water for three times each to remove big particle residues. (b) SEM image of the cross
section of the PDA film on the silicon wafer. (c) and (d) 2D AFM height sensor scans of the edge of a partially coated PDA film (c) before and (d) after UV treatment. (€) A
line profile plot obtained by averaging ten-line scans [highlighted by the shaded regions in (c) and (d)] of the same region of the half-coated PDA film before and after UV

treatment.
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electron microscopy (SEM) images of the film cross section reveal the
presence of an aggregate of melanin residues on top of a uniform mel-
anin coating, contributing to its roughness [Fig. 1(b)]. To quantify film
thicknesses and thickness changes upon UV irradiation, the partially
coated samples were measured using AFM to generate 2D height
scans. For direct comparison, the height scans were performed at the
same position for samples before [Figs. 1(c) and S2(a)]and after UV
irradiation [Figs. 1(d) and S2(b)]. A representative dataset of PDA
chemistry shows that the continuous layer thickness changes from
~80nm to ~62nm upon UV exposure [Fig. 1(e)], comparable to
changes observed for UV-exposed polymer thin films."** Similar
results were also observed for the PDD chemistry [Fig. S2(c)]. The
measured film thicknesses (continuous layer + roughness layer) are
summarized in Table S1 for the PDA and PDD samples. We ensured
that the ellipsometric parameters (A and ) of the synthetic melanin
coatings on silicon wafers were acquired at the same spot as the AFM
measurements before and after in situ UV treatment [Figs. 2(b) and
(S6)] using a spectroscopic imaging ellipsometer (360-1700 nm).

The ellipsometric parameters, A(1) and W(4) in Figs. 2(b) and
S6, are fit with a five-layer model, which consists of (a) polycrystalline
silicon as a substrate, (b) a native oxide layer (silica or SiO,), (c) a con-
tinuous synthetic melanin coating layer, (d) a roughness layer, and (e)
air as the ambient layer [Fig. 2(a)]. The roughness layer is modeled
using a single-layer Bruggeman effective medium approximation
(EI\)/IA), which follows a host—guest complex and can be expressed
as™

(Bguest - 8) _
+7(Sguest n 2S)f =0, )

Ehost — &
ot T 1 —
Ehost +2¢ ( f)

A (Deg)

W (Deg)

Nems 30
hMclanln

hsmu

Semi-infinite
length

Residues A

Cross-section View
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where fis the fraction of the guest (air) component, ¢, is the dielec-
tric dispersion of the host (melanin component), which will be dis-
cussed below, &g is the dielectric dispersion of the guest (air)
component, and ¢ is the dielectric dispersion of the effective medium.
Typically for thin films with high surface roughness, advanced meth-
ods involving a gradient EMA model are used for modeling rough-
ness.”’ However, the gradient EMA model gave us similar results to
those obtained using single-layer EMA (Fig. S7). We have also tried
other models for roughness (Lorentz-Lorentz and Maxwell-Garnett
EMA) and not seen any improvements in the fitting residuals. The
wavelength-by-wavelength analysis of A(4) and W(4) (Fig. S8), by
solving Fresnel equations for the multi-layer thin film model, exhibits
unexpected shapes of n* of synthetic melanin for both before and
after UV irradiation. The n presents a bimodal peak in the visible
region before UV irradiation while a prominent single peak after
UV irradiation. For both the treatment groups, we observe a broad
extinction tail in k. These observations guided us to develop a
Kramers-Kronig consistent complex dielectric dispersion (¢" = ¢;
— igy; e;—real part and e,—imaginary part) for synthetic melanin
using a multi-oscillator TL model. This modified TL dispersion
contains a Lorentz oscillator, a Gaussian oscillator (only used for
before UV treatment), and a pole-UV oscillator to account for dis-
persion created by absorption outside the measured spectral range
in the UV region. The imaginary part of the dielectric constant (&,)
of TL dispersion is given by

&2(E) = Gr(E) L(E), (2a)

where G(E) is given by
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FIG. 2. (a) A CAD schematic of the optical model used for the synthetic melanin thin film in the modeling of A and V. (b) A and ‘P’ curves of PDA measured by the spectro-
scopic ellipsometer before (filled circles and triangles, respectively) and after in situ UV treatment (hollow circles and triangles, respectively) along with their fitting curves
(dashed lines) modeled using the multi-term dispersion [Eqg. (6)]. A lower residual of A and ‘' indicates a befter fit.
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E>E,
0, E<E,

(2b)

and it is called the Tauc gap function’ (A7 is the Tauc amplitude),
indicating interband mechanisms above the band edge and, thus, no
absorption when photon energy (E) is lower than bandgap energy
(Eg), and L(E) is given by

ALEyTE

E) = , (2¢)
GRS

and it is the imaginary part of the complex dielectric function for a sin-
gle classical Lorentz oscillator™ (A is the oscillator amplitude, Ey; is
the energy (position) of the Lorentz peak, and I' is the broadening
parameter). Equation 2(c) is also used to express the imaginary part
(&2) of an independent Lorentz oscillator term. The Gauss oscillator
produces a Gaussian line shape, and its parameterized form of the
imaginary part (¢,) is given by

(E—E)? (B+E)?
(B) = Aol F &), (3a)
where
B
0=—— (3b)

2V/In2’

Here, Ag is the absorption amplitude, E, is the oscillator energy, and B
is the bandwidth of resonance. The real part of dielectric functions (¢;)
is calculated using the Kramers—Kronig integration of ¢, functions for
all oscillator types [Egs. (2), (2b), and (3)] and is given by5 ?

e (E) = &5 +%pﬁo 5262_(5}5)2

where &, is the value of the real part of the dielectric function at infi-
nite energy and is used as an additional parameter in the multi-
oscillator TL model. The value of ¢ is fixed at 1. The P in Eq. (4)
stands for the Cauchy principal part of the integral. ¢ is the energy var-
iable with respect to which the integration is performed. Additionally,
the pole-UV oscillator is equivalent to a Lorentz oscillator with zero-
broadening. It affects only the real part of the dielectric function (g),

dg, )

Ap

SI(E):W7

()
where Ap is the pole amplitude and Eyp is the pole central energy and
&,1s equal to zero. It is important to note that all the energy parameters
are in units of electronvolts (eV). Thus, the final expression for multi-
term dielectric dispersion (Fig. S9) is written as

S(E) = &0 + €Tauc—Lorentz + ELorentz (+sGams) + Epole_UV - (6)

With independently measured thicknesses of the melanin films on
corresponding spots by AFM [Figs. 1(c) and 1(d)], we fit the A(Z) and
W(A) curves by adjusting the fitting parameters in the multi-term
model (listed in Table S2) including the fraction of air in the roughness
layer. After observing small changes in some of the parameters (Eqp,
Ap, Eop, and T') during the fitting of the multivariate expression, we
decide to fix those parameters to reduce fitting uncertainties. When

scitation.org/journal/apl

isolating the individual contribution of each term to the overall multi-
term dielectric dispersion (Fig. S9), the TL term dominates the general
shape of dielectric distribution and provides a bandgap to determine
the primary absorption region, disregarding any defect-related or
intraband absorptions. The Lorentz term helps expand the tail of
absorption to lower energy, where it cannot be typically described by a
TL model for amorphous material, implicating the presence of second-
ary structures. In the case of before-UV treatment, the TL term alone
cannot capture the optical dispersion behavior as one isotropic, amor-
phous component. This observation suggests a second population of
absorptive structures [whose contribution to the absorption peak lies
closer to the UV region (2.5-3.4 eV)], which could be effectively repre-
sented by a Gaussian distribution (typical of amorphous semiconduc-
tors)” and, thus, a Gauss oscillator term is incorporated. Interestingly,
after UV irradiation, the two resolvable contributions merge into a sin-
gle, amorphous distribution and the Gauss oscillator term is no longer
needed. It is important to note that the sum of all the oscillator terms
does not fully describe the &, component of multi-term dielectric dis-
persion. Hence, a single pole-UV term is introduced that increases &
throughout the whole wavelength region to match the data. Since the
complex dielectric dispersion of melanin is unlike other semiconduct-
ing materials, which has an absorption maximum,’® the combination
of the above oscillators turns out to be a good representation for the
melanin system. Furthermore, to test the robustness of the proposed
multi-term dielectric dispersion, we fit A(1) and W(Z) curves mea-
sured at varying angles of incidences with the same model to yield
lower residuals of A and ¥ (indicative of good fit) (Fig. S10). To test
the effect of anisotropy on the optical constants along the direction
normal to the film surface, we also fit our ellipsometric data using the
same multi-oscillator dielectric dispersion with a uniaxial anisotropic
model. Compared to the isotropic model presented earlier, the applica-
tion of the uniaxial anisotropic model neither improves the residuals
of A and ¥ (Fig. S11) nor shows significant differences between the
planar and perpendicular dielectric constants.

The relationship between complex dielectric dispersion and n*
can be given as’’

&1(E) = n*(E) — *(E), (7a)
&(E) = 2n(E) k(E), (7b)

which can be further solved to obtain n* from complex dielectric
constants,

[mﬂlw} .
2 ,

n(l) = (8a)
1/2
() = { e (4) + 83(/1) - 81(2)} ’ (sb)
where
1239.84
A(nm) = EleV) - (8¢c)

The distribution of optical constants for the two synthetic melanin
chemistries and two treatment groups as a function of wavelength are
shown in Fig. 3. Both PDA and PDD exhibit a peak (~500nm) in n
with the highest RI values reaching 1.81 =0.01 and 1.86 % 0.05,
respectively, for before UV treatment and 1.88 * 0.01 and 1.94 = 0.06
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FIG. 3. (a) Real (n) and imaginary (i) parts of the complex RI (n*) of the PDA film before (red curve) and after (blue curve) in situ UV treatment. (b) n and « of the PDD film
before (red curve) and after (blue curve) in situ UV treatment. The error ranges (shown by the shaded regions) are the standard deviations calculated from optical constants,
which are obtained from calculations with the parameters in Table S2 for each chemistry.
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for after UV treatment. In general, the values of n (over a range of
360-1700 nm) and x (below 600 nm) of both PDA and PDD signifi-
cantly increased after UV exposure (n: Fy;9=36.7, P=0.0001; x:
Fy,10=167.7, P <0.0001; for details on statistical methods, refer to the
supplementary material). Moreover, PDD exhibits higher # and x
than PDA (n: Fy10=33.6, P=0.0002; x: F,o=126.7, P <0.0001),
likely due to the presence of the polymerized form of L-DOPA in PDD
in addition to PDA.

After UV exposure, the film thicknesses (continuous layer
+ roughness layer) decrease by 18.5 * 5.9% for PDA and 13.8 + 4.5%
for PDD. Moreover, the treatment results in an increase (up to 4.5%)
in n from 360 to 1700 nm and an ~25% increase in the k component
for both chemistries in regions below 600nm (~36% especially
< 400 nm). The increase in the k¥ component is particularly interesting
because it suggests that melanin becomes a more efficient UV blocker
after UV exposure. From a molecular perspective, the chemical struc-
ture of melanin particles partially changes from the indole to furopyr-
role structure with the release of carbon dioxide after UV irradiation.'”
We anticipate that similar changes take place for melanin films as well.
The similarity in FTIR spectra between particles and films, for both
before and after UV irradiation (Fig. S12), indicates that the results we
have obtained for PDA and PDD films could be similar for synthetic
melanin particles prepared using similar chemistry. The solid state
nuclear magnetic resonance spectroscopy results indicate that there is
an increase in the aromatic content and a decrease in the aliphatic con-
tent upon UV exposure,'” which partially explains the increase in n
and x.””*® Further research involving density functional calculations
to establish the structure-property relationship is necessary to validate
this hypothesis.

To evaluate the reliability of our calculated Kramers-Kronig con-
sistent n*, we measured the reflectance spectra of melanin films (PDA
chemistry as a representative system) at both p- and s-polarized inci-
dent light (360-1700 nm) and fit them with theoretical reflectance
curves generated using a multi-layer interference model with the
obtained n* values of PDA for both the treatment groups. The excel-
lent agreement between the experimental and modeled reflectance
curves demonstrates the accuracy of RI measurements performed in
this study (Fig. 4).

In summary, we have measured the n” for synthetic melanin films
before and after UV treatment. The deconstruction of components in
the multi-term dielectric dispersion provide insights into relating the
changes in optical properties to the changes in the chemical structure of
melanin after UV irradiation. Surprisingly, melanin absorbs more light
(<600 nm) after intense UV exposure, which could be a mechanism to
explain melanin’s photoprotective behavior. Furthermore, an improved
measurement of wavelength-dependent "™ paves the way for the design
of melanin-based materials for optical applications.

See the supplementary material for the details of experimental
methods, selected data plots of PDD samples, fitting parameters for
the multi-oscillator model, and other supporting figures and tables to
the main manuscript.
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