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Abstract

Melanin exhibits a broadband absorbance spectrum that appesato be unique amongst func-
tional biomolecules. Explaining the origin of this spectrums one of the primary challenges
facing this eld. Three main theories have been proposed: 1) &loptical density is due to
scattering, 2) Melanin is an amorphous semiconductor which ém naturally exhibits broad-
band absorbance, or 3) Melanin has a large amount of chemicatlrogeneity (or disorder)
which leads to a broadband absorbance spectrum through supesimn of the absorbance
spectra of many species (the chemical disorder model). We disctisease models and the
experimental evidence for each. We report direct experimiah evidence that the optical
density is not a consequence of scattering processes, and is dueate absorbance. Distin-
guishing between the two remaining explanations leads us todescussion of the molecular
structure of melanin, an issue which remains unresolved. We inde a literature review,
summarising the important structural ndings for melanins, and onclude that the evidence
suggests that melanin consists of a heterogeneous collectiosrofll oligomers, which points
towards the chemical disorder explanation for broadband abdmmance. We caution, however,
that the amount of chemical disorder obviously prevalent in tis system is often neglected
in discussions of the structure of melanin. We show that the oscilta strengths of melanin
and its fundamental components are naturally explained byhe chemical disorder model, as
are their emission and excitation spectra and their radiative upntum yields. We show that
the emission properties of melanin are not consistently repoden the literature, which is in
part due to the strong re-absorption that occurs in this system, rad we emphasise the im-
portance of correcting for this e®ect in any measurement of tfieorescence of melanin. The
emission properties of synthetic pheomelanin are reported, giare found to be di®erent to
those for eumelanin, suggesting di®erent energy dissipation pgeses for these pigments. We
also report a careful study of the spectroscopic properties of DE (5,6-dihydroxyindole-2-
carboxylic acid), a key melanin monomer, and propose, based these results, that proton
transfer processes contribute to energy dissipation in this malde. The radiative yield of
melanin is measured to be extremely smalk( 0:1%), which is consistent with melanin's
biological role as a photoprotectant, and suggests that nomdiative energy dissipation pro-
cesses are very important for melanin. As a result of this nding weeasure the vibronic
structure of eumelanin related molecules using inelastic neah scattering and accurately
assign the vibrational modes using density functional theory tauilations. This provides an
important rst step towards understanding the non-radiative pocesses in melanin energy
dissipation and its biological functionality.
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Introduction

Melanin is a dark biological pigment found throughout natue. It is a predominantly in-

dolic macromolecule [1], although the name conveys no chealiinformation, and means
simply “black' [2]. There are many di®erent types of melaniméluding eumelanin, pheome-
lanin, neuromelanin and allomelanin. Eumelanin and pheoranin are both found in the

skin, hair and eyes of many animal species, including humans, widhey act as photo-
protectants (absorbing harmful ultraviolet and visible radation). Eumelanin is known to

be a macromolecule of 5,6-dihydroxyindole (DHI) and 5,6-dydroxyindole-2-carboxylic acid
(DHICA), and is black to brown in colour [3]. Eumelanin is the mst extensively studied
of all melanins since it is the primary pigment found in human sk, although it also forms

the major component of squid ink and is responsible for the darlolouration in feathers [4].
Pheomelanin is a sulfur containing macromolecule composedlgd-benzothiazine units, and
is red to yellow in colour (pheomelanin is responsible for thelouration of human red hair
and chicken feathers [5, 6]). This thesis deals largely witlumelanin, although pheomelanin
will be discussed in more detail in chapter 8.

The other varieties of melanin (including allomelanins anesheuromelanins) shall not be
dealt with in detail in this thesis, but brie°y allomelanins arepigments found largely in plants
such as certain fungi and seeds, and also in soil. Neuromelanin isrfd in the brainstem and
inner ear of humans and higher primates where its role is un&wn, although it is thought
to have some biological signi cance; neuromelanin is decreasedbsent in individuals with
Parkinson's disease, for example [7, 8]. It is not clear whethéne relationship between
neuromelanin and Parkinson's disease is causal, although it isggested that the pigment
might modulate neurotoxic processes through interaction tlmugh iron, binding of drugs or
reaction with free radicals and free radical producing sped [9]. Additionally, albinism often
leads to deafness in animals, suggesting biological functioha[10].
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2 Introduction
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Figure 1.1 : A melanocyte residing in the basal layer of the epidermis. m normal skin, approx-
imately every tenth cell in the basal layer is a melanocyte. Melanosomes are transferred from the
dendrites of the melanocyte into neighbouring keratinocyes (from [14]).

1.1 Melanin in human skin

Three main pigments contribute to the colour of healthy huma skin: melanin, oxygenated
haemoglobin (red) and reduced haemoglobin (blue); absorpti spectra of these are shown
in gure 2.2. Of these, it is the size, type and distribution of melnin particles that varies
between individuals and leads to di®erences in colouration.

A cross section of human skin is shown in gure 1.1. The stratum conme is approx-
imately 0.01 to 0.02 mm thick and consists mainly of dead cellshweh scatter light but do
not have signi cant absorbance for wavelengths longer than 3@@n (for wavelengths shorter
than 300 nm protein and nucleic acid absorption become signi gg. Below this lies the
stratum spinosum, which is 0.027 to 0.15 mm thick. This is the l&y that contains melanin
pigment in cells called keratinocytes. Below the stratum spirsam is the dermis, which is
0.6 - 3 mm thick [11, 12]. Melanin is synthesised in specialisedlseatalled melanocytes,
which are located in the basal cell layer, between the stratum ssum and the dermis. The
melanin is packaged into particles called melanosomes (whialso contain structural protein
[13]), and then transported via melanocyte dendrites into katinocytes. Keratinocytes then
move outwards to distribute melanin throughout the epiderns [7].

Melanin pigmentation of human skin has two major componentsconstitutive skin colour
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(the natural colouration of skin in the absence of irradiatiorby light), and facultative skin
colour (hyperpigmentation of the skin in response to direct exysure to ultraviolet light,
or \tan"). This hyperpigmentation has two components, a shorlived immediate tanning
reaction, and a delayed reaction [15]. The mechanism by whitliese tanning processes occur
is not well understood, but is known to include melanosome foation, melanin production
and melanosome transfer, as well as an increase in the number @flanocytes [4].

1.2 Interest in melanin

Paradoxically, although melanin is a photoprotectant it ha also been implicated in the chain
of events that lead to malignant melanoma skin cancer [16{18&lthough this link is very
poorly understood. Highly pigmented skin is more protected fro carcinogenesis than un-
pigmented skin [19], but it has been suggested that pheomelammay actually function as
a photosensitizer [20], and has been shown to actually enhanc&® damage in cells in
response to ultraviolet radiation [21, 22]. The skin is the mostotnmon site of cancer in
humans [19], and although melanoma is one of the rarer typesskin cancer, it causes the
majority of skin cancer related deaths [23]. According to the Wfld Heath Organisation,
approximately 48,000 melanoma related deaths occur eachayd24]. This makes under-
standing the biological functionality of melanin and its roé in melanoma a health priority,
particularly for countries with high levels of solar radiaton such as Australia. Melanin also
plays a central role in a variety of highly visible and inconv@ent pigmentary disorders such
as albinism and vitiligo [25].

Melanin is also of interest as a model system for understanding dider in biological
systems. Disorder is thought to be an essential part of the biologidunctionality of melanin,
which is unlike other much more thoroughly studied biomoledar systems such as DNA and
proteins. Disordered systems in biology have yet to recieve a gteleal of attention, likely due
to the dixculties inherent in studying them. This makes melam a fascinating novel system
with the potential for development of techniques applicalel to a wide range of important
biosystems [26{28].

As a third point of interest, melanin exhibits interesting physcal and chemical prop-
erties such as anti-oxidant and free-radical scavenging befaur, metal and drug binding
properties [29{32], broad band ultraviolet and visible abs@tion and strong non-radiative
relaxation of photo-excited electronic states [33]. Apart &éfm making melanin fascinating to
study, these properties make it a potentially useful materialor devices and other technolo-
gies. Possible examples include highly excient broadband singleoton counters (supercon-
ductor based bolometers with a thin eumelanin Tm as the sensitisj pigment), extremely
sensitive humidity sensors (based on the extreme sensitivity of eetanin solid state con-
ductivity to hydration [34]), organic semiconductor electonics and solar cells [35, 36]. A
fundamental understanding of the functioning of the pigmentnd how its molecular scale
structure in°uences its macroscopic properties is essential fibrese applications. Establish-
ing the relationship between eumelanin structures and propgs forms the core theme of
this thesis.
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1.3 Synthesis of eumelanin and pheomelanin

Biologically, eumelanin is derived from tyrosine in a reaatn catalysed by the enzyme ty-
rosinase, as outlined in the scheme depicted in gure 1.2. Analysibthis synthetic process
and nal eumelanin structure is extremely ditcult due to the hichly unstable nature of
the reaction intermediates, and extremely stable and insolublnature of the nal product

[4]. Nevertheless, intermediates have been identi ed, largetlue to the pioneering work
of Raper and Mason [37, 38]. The enzyme tyrosinase acts on dopal dyrosine to pro-

duce dopaquinone, which reacts to form dopachrome (a red cpound). Dopachrome is
rather stable, but will spontaneously decompose to form DHI (5,8thydroxyindole), giving

o® CQ. If the enzyme dopachrome tautomerase is present (Dct), dogaome will instead

tautomerise to give mostly DHICA (5,6-dihydroxyindole-2-caboxylic acid), retaining the

carboxylic acid group [39]. Hence the availability of Dct wildetermine the relative amounts
of DHI and DHICA produced, and therefore the ratio of these compents in the nal eu-

melanin macromolecule. This ratio will also be a®ected by othenviromental factors, and
hence varies widely depending upon the source of the eumetannder study [40].

It is widely accepted that eumelanin is a heterogeneous maanolecule of DHI and
DHICA, and pheomelanin is a heterogeneous macromolecule oétsulphur containing cys-
teinyldopa (CD), as illustrated in gure 1.2. The manner in whch these monomer units
bind to form the macromolecular structure will be discussed fulner in chapter 3.

Melanin must be extracted from biological systems for study, anthe extensive amount
of bound protein must be removed. This is often achieved via ts&h processes such as
acid/base treatment, which is known to severly disrupt the proprties of the pigment [41].
Much milder enzymatic methods are also available to extract elanin from hair, skin and
eye tissue yielding melanin that is closer to its natural state B}. It has become common
practice to use eumelanin extracted from the ink sac of the cuét sh Sepia oxcinalis as a
model eumelanin pigment since it is readily available and efsextracted via mild techniques
which yield a uniform black pigment that is appropriate for se as a standard [43].

Material that is termed “synthetic melanin' is also often usedsaa standard for natural
melanins. Synthetic melanin is formed under a variety of coiittbns in vitro including:

2 Biomimetic conditions - oxidation of DHI with enzyme tyrosinae in aqueous bu®er
at neutral pH. This would seem to be the best synthetic method sindeis closest to
the natural system, but unexpectedly eumelanin formation oces very slowly under
these conditions, even in the presence of large amounts of eneyjé4]. Additionally,
it is challenging to control and measure the activity of tyrosiase during this reaction,
giving poor reproducibility [3]. Enzymatic preparations nay also be performed with
the alternate substrates of dopa and tyrosine.

2 Autoxidative dopa eumelanin may be prepared by simply allowmalkaline solutions of
dopa to come into contact with air. The solution may then be adi ed to precipitate
the eumelanin [4].

2 A peroxidase/H,O, couple induces a complete and rapid conversion of DHI to eume-
lanin in aqueous bu®er at biomimetic pHs [44]. Similarly, a symétic eumelanin is
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Figure 1.2 : Melanin biosynthesis (from [39]). The eumelanin scheme igargely credited to
Raper for his pioneering work on eumelanin biosynthesis in 927 [37, 38].

commercially available that has been prepared by persulfate peroxide oxidation of
tyrosine [4].

The resulting black pigments show great similarity to natural amelanin, although proof
that they are identical to natural eumelanin remains lackig [2, 3]. Synthetic eumelanin
IS convenient as a model system for pioneering new methods oedhies to treat this dit-
cult material, and since they are produced under controlledoaditions and contain known
monomeric units they o®er advantages for analysis over the mocomplex naturally ex-
tracted melanins. However, if substantiation of biological hyptheses is required care should
be taken to use naturally derived melanins extracted using ndiltreatments [4, 42].

Throughout this thesis we use autoxidative dopa eumelanin assynthetic analogue for
natural eumelanin. Because we use a synthetic compound we avoidny of the problems
of working with the natural pigment (such as incomplete remai of proteins, complex sec-
ondary structures and lack of experimental repeatability)and this allows us to make better
progress towards understanding the structural and spectrosceopproperties of this ditcult
system. We strongly caution the reader, however, that synthetieumelanin should not be
assumed to be identical to natural eumelanin. The experimeriteechniques and insight that
we have gained from working with the synthetic system should bedependantly veri ed in
the natural system before any conclusions about biofunctionigl are made.
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1.4 The structure of this thesis

This thesis is organised into two parts. The rst part deals with tle absorption processes
in eumelanin. Chapter 2 begins with a discussion of the broadbdrabsorption spectrum

of eumelanin, and outlines possible explanations for this sgean. The signi cance of

understanding the molecular structure of eumelanin is outled, which leads into chapter
3; this chapter contains a comprehensive review of the litdtae concerning the molecular
structure of eumelanin. These early chapters do not include weresearch, but instead
provide a critical framework for the work presented in this tlesis.

Part one of this thesis continues with two pieces of original avk concerning the ab-
sorbance spectrum of eumelanin. Chapter 4 deals with the coifimtion of scattering to
the optical density of eumelanin. This has been a problem plaimg spectroscopic research
on melanins for decades, and is e®ectively resolved with the m@@ments and theory re-
ported here. Signi cantly, this work also eliminates one of th possible explanations for the
broadband absorbance of melanin, leaving two remaining mddefor analysis. The work
contained in this chapter was published in the Biophysical Jonal in a form very similar to
that presented here (reference [45]).

Chapter 5 presents a study of the oscillator strength of eumelani Nature typically
designs molecular systems that are extremely excient at ful llig their functions, so one
might expect that as a biological absorber, eumelanin mightave an exceptionally strong
oscillator strength. Interestingly, this was not found to be tle case, suggesting that eumelanin
ful Ts its biological role through more primitive means. The verk contained in this chapter
was published in Physical Review E in a form very similar to that pesented here (reference
[46]).

The second part of this thesis deals with energy dissipation pregses in melanin. The
early chapters deal with radiative emission (an e®ective nonvasive probe of molecular
properties). Chapter 6 presents a careful study of the steady statemission properties
of eumelanin, corrected for reabsorption and inner Tter e®ext the signi cance of which
has been long neglected in spectroscopic literature regargivumelanin. This chapter was
published in a similar form in Photochemistry and Photobiology{[47]). The thesis continues
with an in-depth study of the radiative yield of eumelanin as dunction of excitation and
emission wavelength in chapter 7; these results were published ansimilar form in the
Journal of Chemical Physics [48]. Chapter 8 presents a careftudy of the steady state
emission properties of pheomelanin pigment, and a discussion bftsigni cance of the
di®erences between pheomelanin and eumelanin; these resudtgehbeen published in the
Journal of Physical Chemistry B in a form very similar to that presented here (reference [49]).
These studies on the bulk melanin pigments highlighted the signance of understanding
the properties of the fundamental melanin components, DHI anBHICA, which have been
spectroscopically very poorly characterised to date. This ingpd a quantitative study of the
absorption and emission properties of DHICA (chapter 9), and thepectroscopic observation
of DHICA as it polymerises to form melanin (chapter 10). Some dhe most signi cant
results in chapter 9 formed the basis for a sophisticated theoreal study on DHICA and
were included in the publication of these results in the Jourhaf the American Chemical
Society (reference [50]).
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The last chapter of this thesis (chapter 11) presents inelasticentron scattering mea-
surements on key melanin monomers; this research begins to éeiuto the non-radiative
processes that are thought to be the predominant form of energlyssipation in this system.
Future research based on these initial careful studies should shigght on the vibrational
processes that are so essential for the functioning of this pignteithe nal chapter contains
a discussion of possible future research directions (chapter 12).
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The broadband absorption spectrum of
melanin

2.1 Measuring absorption

The Beer-Lambert law describes the exponential attenuatioaf light as it passes through an
absorbing medium
| = |l ® (2.1)

where | is the initial intensity of the light and | is the intensity after passing through a
distanced of material with an absorption coexcient® (note that this is the manner in which
the absorption coezcient is de ned). The experimentally meased absorbance of a material
will typically be reported as one of the following three quadities: the absorbance A (also
called the optical density,OD)

Iil 1
A =log, I_O (2.2)
the absorption coezcient,®
moo|
1 T
® = d In T (2.3)
= %In(lO) (2.4)
or the (molar) extincition coexcient, 2
pooT
1 lo
2 = - —
1
= —A 2.6
cd (2.6)
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Figure 2.1 : Absorbance spectra of the major plant pigments (from [51]) Chl a: Chlorophyll

a, Chl b: Chlorophyll b. Note that all spectra are clearly peaked in nature, as is typical of most
chromophores.

where C is the concentration of the absorbing species (this can be mee=iiin a variety of
units, and care must be taken to ensure that the dimensionality ahe above expressions
is maintained). 2 is unique to a particular substance and independent of experantal pa-
rameters such as concentratioh and pathlength, whereas® will vary depending upon the
experimentally used concentration, andA will vary depending upon the concentration and

the path length. Which of these is used in a particular situatiomepends upon which is most
convenient and informative for that particular application.

2.2 The broadband absorption spectrum of melanin

Most biological pigments exhibit distinct absorption bands. Fp example, consider the
UV/visible absorbance spectra of some of the most signi cant plant pigents shown in

“gure 2.1 (from reference [51]). The chlorophylls (Chl a and)bare the primary pigments

responsible for photosynthesis in plants, beta carotene is a tyjpé carotenoid that also ab-
sorbs incident radiation and contributes energy to photosyhiesis, and anthocyanins are the
third major group of pigments in leaves, but their biologicafunction is not widely agreed

upon [51]. Most signi cantly, all of these important biopigmens have distinct absorbance
peaks, as is typical of biomolecules. These peaks are associatét wansitions between

discrete electronic energy levels.

The major pigments found in animal tissues (including human sk) are melanin and

1The extinction coexcient is independent of concentration in the low concentration limit. At high concen-
trations (much higher than those used throughout this thesis) e®ects including (but not limied to) multiple
scattering may cause non-linearity in the absorption coexcient with concentration.
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Figure 2.2 : Absorbance of the major pigments found in human skin, measted in vitro (from
[52]). Note that due to the unknown molecular structure of mdanin a molar extinction coezcient
cannot be de ned in the same manner, hence it is represented om di®erent scale.

haemoglobin, the absorbance spectra of which are shown in gur2 Spectra of bilirubin
and -carotene, other pigments found in skin, are also included (bubin is a breakdown
product of normal haem catabolism which is responsible for thesjow colouration of sub-
jects su®ering from jaundice). With the exception of melanirgll the skin pigments shown
have clearly peaked absorption spectra. Melanin, however,reits an unusual broadband
absorption spectrum. The broadband nature of the melanin speaim is likely due to its
photoprotective role (a peaked spectrum would transmit photts of certain wavelengths).
The absorbance of melanin increases monotonically towardsgher energies, probably to
give increased protection against the most damaging high engrnghotons. Interestingly, the
spectrum of melanin in the visible range is very close to exporieh when plotted against
wavelength, as demonstrated in gure 2.3; the signi cance of thisimple dependance is un-
known. Absorbance lineshapes are expected to be broadened inaaiggian manner when
plotted against energy (rather than wavelength), so a simple dependance of lineshappan
wavelength is unexpected, and possibly coincidental.

The origin of the broadband absorption spectrum of eumelaninas long been the topic
of scienti ¢ debate, which continues to this day. There are tlge main alternative models:

1. The broadband absorbance is primarily a scattering phenomen, and not due to
electronic absorption [54].

2. Melanin is an amorphous semiconductor, which naturally salts in a broadband ab-
sorption spectrum [55].

3. Melanin consists of many chemically distinct species and thedadband spectrum is
formed by the superposition of the peaked spectra of these specighis is the so called
\chemical disorder model" [53].

Chapter 4 of this thesis deals entirely with the rst of these mods; our measurements
show that the eumelanin absorption spectrum is not due to scatteig and is due to true
electronic absorbance. We will discuss the two remaining modéiere.
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Figure 2.3 : Absorbance spectrum of synthetic eumelanin solution in pH10 NaOH (0.0025%
by weight eumelanin, 1 cm pathlength cuvette). The same datas shown inset on a log-linear scale
showing the exponential nature of the spectrum (from [53]).

2.3 Melanin as a semiconductor

It was rst suggested in 1960 by Longuet-Higgins that an amorphousemiconductor model
naturally explains the black colour of eumelanin (broadbahabsorbance) [55]. In this model,
eumelanin consists of a large indole heteropolymer which hasl@localised/asystem. This
leads to an amorphous semiconductor band structure and theoeé a broadband absorption
spectrum. Further support of this model was published in 1974 veh McGinness et al.
reported amorphous semiconductor switching behaviour in ew@tanin Tms, which had only
been previously observed in inorganic materials [56]. Also inviaur of the semiconductor
model, later reports suggest that eumelanin exhibits the tharoelectric e®ect with a negative
charge carrier (under vacuum) [57, 58], and show that increagj temperature increases the
conductivity of eumelanin samples [59]. In 1961 Pullman andulfman applied Huckel ¥
electron theory to a hypothetical eumelanin polymer modelral showed that they could
successfully explain the electron-acceptor and semicondugtiproperties of eumelanin in
this model [60]; this work was later extended by Galvao and @Gtas [61{64]. This extensive
body of research in favour of the heteropolymer semiconductorodel for melanins has led
to it becoming a strongly accepted paradigm in the eld.

Unfortunately the semiconductor model fails to explain otherobserved properties of
melanin. Measurements of the Hall e®ect under ambient conditi® suggest a positive charge
carrier [65], as do measurements of the thermoelectric e®eadar ambient conditions (as
opposed to the negative sign observed under vacuum) [57], andlombmetric studies suggest
that protons in fact form 65% of the charge carriers in eumeten [66]. Also a problem for
the semiconductor model, non-ohmic behaviour has been obsh\[58, 67]. Additionally,
in this model we would expect to see a band gap manifesting as avlenergy band edge;
this has never been observed in absorption spectra of eumelaswoiutions or in solid state
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Figure 2.4 : Melanin I-V curve, showing non-ohmic behaviour at high voltages (from [34]).

transmittance and re°ectance measurements. Proponents of thisodel suggest that the
apparent lack of a band gap may be explained by scattering ama¥ the band edge tails that
are observed in amorphous systems.

Assuming an amorphous semiconductor model, several authors ha®empted to predict
the solid state energy gap from the shape of the absorption speatnwusing a Tauc approach
(the slope of a plot of ®E)*™ vs E gives the energy gap, wher®is the measured absorption
coezxcient andE is the excitation energy). Varied energy gap estimates havesulted, from
3:4 eV [68] to 128 0:2 eV [69]. Photopyroelectric spectroscopy provides an altextive probe
of the energy gap; recent measurements suggest there may be addmental \partial" gap
at 1.7 eV [70, 71]. The disparity in these results suggests that the abption spectrum of
eumelanin is not a sensitive probe of electronic structure, oftarnatively that eumelanin
should not be modelled as an amorphous semiconductor.

Recent measurements from our group con rm the non-ohmic behaur of eumelanin
at high voltages (‘gure 2.4), which is inconsistent with the sensbnductor model. Also,
measurements of eumelanin conductivity as a function of retee humidity ( gure 2.5) show
that it varies in a manner unlike a hydrated semiconductor (seeyure 2.6 for comparison).

Many organic semiconductors have been well studied, some olrggyic such as pentacene,
anthracene and rubrene, others polymeric, such as poly(3xy#thiophene), polyacetylene and
poly(p-phenylene vinylene). All are highly conjugated, cdaining either a high proportion
of carbon-carbon double bonds, or a large amount of aromatici This predominance of
Y«bonding gives suzcient delocalisation to produce semiconduiey behaviour and therefore
broadband absorbance through an electronic band structure. ddt importantly, most organic
semiconductors are highly structurally ordered, and small @omeric organic semiconductors
are ordered to the point of being crystalline in nature. We proose then that in order to have
convincing evidence that eumelanin should be described as anaphous semiconductor we
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Figure 2.5 : Melanin conductivity vs hydration (from [34]). Compare with gure 2.6.
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Figure 2.6 : Conductivity of crystalline bovine haemoglobin (a known organic semiconductor)
as a function of the percent of water absorbed (for a constantvoltage, conductivity is directly
proportional to current) (from [72]).
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must show that it consists either of highly ordered oligomeric uts, or of large polymeric

chains (possibly with some disorder). As shall be discussed in detail chapter 3 there

is a wealth of experimental evidence suggesting that eumelanis not highly ordered; in

fact, disorder is known to dominate this system. There is also sigcant evidence that

eumelanin is oligomeric in nature, with oligomers of betwae4 and 8 monomer units. These
observations make the amorphous semiconductor model of euameh seem unlikely, but we
cannot rule it out without further evidence.

2.4 The chemical disorder model

It has been proposed that chemical disorder could provide an@inative explanation for the
broadband absorption spectrum of eumelanin [35, 53, 73{76]inSe there are several di®erent
eumelanin monomers that may crosslink through various di®etesites, it is possible that
a sample of eumelanin may consist of a large number of distinct chieal species which we
shall term “oligomers' (without meaning to imply anything abait the size of these species)
[62]. Density functional theory calculations suggest that eacdistinct oligomer may be
expected to have a slightly di®erent HOMO-LUMO energy gap [64, ,/34, 77{80]. A
disordered collection of oligomers may therefore exhibit badband absorbance, since the
spectrum will be the sum of many absorbance peaks at slightly di@et energies [53, 76].
Figure 2.7 demonstrates how only a small number of peaks withgtical solvent broadening
are necessary to reproduce the observed broadband spectrum ahelanin (we plot against
energy since solvent broadening should produce peaks that amugsian in energy, rather
than wavelength).

As will be discussed in the later chapters of this thesis, all of thebeerved properties of
eumelanin are consistent with the chemical disorder model. Egsion and excitation spectra
exhibit unusual features that are naturally explained by ths model, and similarly for the
radiative quantum yield of melanin.

At this point we wish to note that the term “oligomer" is typicaly used for small fragments
of polymers. The size that is small enough to be considered an oliger depends upon the
system under discussion (an oligomer is typically much smaller thahe polymer of interest,
and may contain anywhere between two and hundreds of monomerits). In real eumelanin
systems the size of the oligomer will likely be limited by the solility of the pigment under
the conditions in which it was formed, and hence it will vary épending upon the source.
Whether eumelanin should be called “polymeric' or “oligomerin nature is really a concern
of nomenclature (and comes down to how large an oligomer must before we de ne it as
a polymer). The size of oligomers is not of primary importancéor the chemical disorder
model, it is simply important that there are enough distinct speies to produce broadband
absorbance. Hence in the context of melanins, we will take therte “oligomer' to mean
simply a speci ¢ eumelanin macromolecule that may contain anyumber of monomers, even
very large numbers.
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Figure 2.7 : The absorbance spectrum of eumelanin vs energy (extinctio coexcient calculated
per monomer, with monomer molecular weight being the averag of that of DHI and DHICA). The
summation of a small number of gaussians (here 15, shown in tted lines) with typical solvent
broadening produces the broadband absorption spectrum ofwemelanin (solid thick line).

2.4.1 Theory supporting the chemical disorder model

There have been several theoretical studies of the viabilityf the chemical disorder model.
In 2003 Bonchenek et al. calculated the absorption spectra adnous eumelanin pentamers
using the semi-empirical INDO (Intermediate Neglect of Di®ereiati Overlap) approach and
showed that they could reproduce the broadband eumelanin speon by summation of
these spectra [81]. Also in 2003, Stark et al. used density functadrtheory to predict likely
oligomer structures (a variety of dimers, and a typical tetrarar, pentamer and hexamer) and
showed that the linear summation of the absorption spectra of tlse species was broadened
and reproduced features of the experimental spectrum [73,]74n 2005 they investigated the
e®ect of aggregation of oligomers (stacking of planar sheeta ¥iinteractions) and showed
that this may also a®ect the absorption spectra (increasing chesal disorder) [80].

Most recently, a publication by Kaxiras et al. proposed ring stictures for tetramers
(‘gure 3.18) and reported absorption spectra for these molecslealculated using density
functional theory [82]. These spectra are shown in “gure 2.8, iithe superposition included.
Although the individual spectra are clearly peaked, the supegsition is broadband and
increases towards higher energies in a manner very similar toeteumelanin spectrum.

The ability of these models to reproduce the broadband spectruof eumelanin is a strong
indication of the viability of the chemical disorder model.

2.4.2 Redox states

Ito et al. have shown that the absorption maximum of DHICA oligoners is only slightly red-
shifted from that of the DHICA monomer [83]. This suggests that soenmechanism other
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Figure 2.8 : Absorption spectrum resulting from the superposition of the spectra of dominant
tetramers, as calculated by density functional theory (thick black line, shifted up by 1.5 units
for clarity). Individual tetramer contributions are given by the thin coloured lines, and monomer
spectra are also shown (shifted down 1 unit for clarity). The broadband shape of the melanin
absorption spectrum can be reproduced by summation of the sgctra of various oligomers. Note
that experimental spectra cannot be easily measured below5D nm due to the high absorbance

of water at higher energies, possibly explaining why the pdaat » 200 nm has not been observed
experimentally. From [82].

than simply polymerisation must be present to produce suzcient dersity in absorption
peaks for broadband melanin absorbance, and in particulag produce signi cant absorption
in the visible region of the spectrum.

It is important to note that eumelanin is thought to consist of DHI and DHICA in a
variety of redox states. In addition to the commonly depictededuced dihydroxyindole state
(as illustrated in gure 1.2), the oxidised indolequinone and seiquinone states depicted
in gures 2.9 and 2.10 are expected to be present in solution in aptities high enough to
a®ect the absorption spectrum of eumelanin. Density function#tieory calculations suggest
that these redox states are likely to have very di®erent HOMO-LUM@ap energies, and
therefore signi cantly di®erent absorption spectra. Powell etla predicted the HOMO-
LUMO gap energy of the DHI hydroquinone state to be 344 nm, whergdhe indolequinone
is signi cantly redshifted to 615 nm, and the semiquinone shows nyelarge redshifting to
1110 nm [78]. Similarly for DHICA, the hydroquinone (state 1 in gre 2.10) was predicted
to have a HOMO-LUMO gap energy of 409 nm, the indolequinone (s&t3a in gure 2.10)
was predicted to be redshifted to 634 nm, and the semiquinone &t 3b in gure 2.10)
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Figure 2.9 : The redox states of DHI. From [78].
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Figure 2.10 : The equivalent redox states of DHICA. From [77].

shows very large redshifting to 1130 nm. These results suggest thalile the absorption
spectrum of DHICA may be only slightly redshifted from that of DHI,the absorption spectra
of the various redox states are signi cantly varied. This has #himportant e®ect of increasing
chemical disorder and allowing for a signi cantly greater numér of distinct absorption peaks
to contribute to broadband absorbance. In particular, the pesence of signi cant quantities of
indolequinone and semiquinone is likely to be essential for phacing the observed absorbance
of melanin in the visible part of the spectrum (due to their signcantly redshifted HOMO-
LUMO gap energies).

These results remain challenging to prove experimentally dte the di+culty of obtaining
stable and well characterised samples for the measurement of apsion spectra. Edge et
al. claim to have measured the absorption maxima of the DHI and DIGIA quinone states
to be 480 nm and 420 nm respectively [84], although we believet they are likely to have
instead been measuring the absorption spectra of a radical stattsmme description, since
these HOMO-LUMO gap energies are outside of the uncertainty in ¢hdensity functional
theory calculated values (615 nm and 634 nm respectively). fher work in this area is
required.
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2.5 Chapter conclusions

The chemical disorder model is currently our favoured explation for the broadband ab-
sorbance of eumelanin since it best explains the observed feair However, de nitively
distinguishing between the semiconductor model and the cheralaisorder model requires a
better understanding of the structure of melanin. For the semanductor model to be likely,
eumelanin should consist of either large polymeric species, or fiedatively structurally or-
dered (if only small species are present). On the other hand, tlehemical disorder model
simply requires that eumelanin is composed of a large numberabfemically distinct species.
The following chapter shall discuss the structural evidence faach of these models.
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The structure of melanin

3.1 Chapter introduction

At the cellular level, melanin is organised into organellesatied melanosomes. Eumelanin
melanosomes are ovoid in shape, whereas pheomelanin melanesoane spherical and more
fragile [85{88]. Melanosomes in negroid subjects are appnmdtely 800 nm in length,
whereas caucasian melanosomes are smaller, at approximated 4m in length [4, 89].
Melanin granules from the ink sacs oSepia ozcinalis (often used as a model for human
eumelanin) are spherical and much more varied in size than thosgtracted from humans
[90, 91] (note that these melanin granules should not be termeakelanosomes in this context
[92]). Natural melanosomes have been shown to contain anywhdérem 17.9% to 73.2%
melanin and 5.4% to 61.4% protein, depending upon the sour@3].

The structural arrangement of melanin and protein within mednosomes is very poorly
de ned. At the molecular level, eumelanin is known to be a masmolecule of DHI (5,6-
dihydroxyindole) and DHICA (5,6-dihydroxyindole-2-carbaylic acid), with structures as
depicted in gures 1.2 and 3.1. However, the manner in which tke monomers covalently
bind to form the melanin pigment is essentially unknown. A knoledge of structure at this
level is essential for accurate quantum chemical modelling ofelanin, and for evidence of
either the semiconductor or chemical disorder model of melan(the semiconductor model
requires large heteropolymeric structures, whereas the chieal disorder model simply re-
quires a chemically disordered collection of molecules). Tl&ucture of eumelanin at this
molecular level has become a point of signi cant interest in themelanin community [33, 94],
and there is a huge volume of literature relating to it. We wilattempt, in this chapter, to
summarise the most important ndings.

In nomenclature borrowed from proteins, we shall discuss the stture of eumelanin in
this thesis using the terms “primary and “secondary' structuregnd it is pertinent at this
point to accurately de ne these terms with respect to eumelanirBy primary structure, we

23
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Figure 3.1 : Chemical structures of the monomeric building blocks of emelanin (DHI and
DHICA). The standard numbering of bonding positions is illustrated and hydrogens have been left
0o® the carbon skeleton for clarity.

mean the manner in which the monomeric units (DHI and DHICA) covently bind. The
structures of oligomers such as those depicted in gures 3.105&nd 3.18, or manner of
covalent binding in large polymers are best described as struce at the primary level 1.
Secondary structure, then, is the manner in which these covatéey bound units associate
via non-covalent interactions (such as van der Waals forces bydrogen bonding) to form
larger structures. Ysstacking of sheets, such as that depicted in gures 3.9 and 3.13ukb
fall into the category of secondary structure. These terms hadeeen used somewhat loosely
with respect to melanins in the past, but we believe that the de ition outlined here is the
most faithful to the meaning of the terms from the original cotext.

3.2 Covalent binding of monomers

An important rst step towards elucidating the structure of eumehnin is to clearly identify
the most likely binding sites of the monomeric units. From thishie mode of polymerisation
of eumelanin can be deduced, and the most likely molecular sttures determined. Prota's
group at Naples has been instrumental in making progress towarthis goal through a large
body of work (for a review see [96]). Early studies attempted talentify the most likely
binding sites through degradation of the eumelanin pigmentral subsequent analysis of the
oxidised products [97]. More recent studies have focused ondative polymerisation of the
eumelanin monomers (DHI and DHICA) under biomimetic conditios and isolation of the in-
termediate oligomers via methods such as HPLC (high performe liquid chromatography)
[98]. This method allowed the successful isolation of the DHI dimrsedepicted in gure 3.2
[44]. The formation of these particular dimers suggests the paent mode of coupling for
DHI is through the 2, 4, and 7 positions (with standard numberingpf carbons, as depicted
in gure 3.1). A similar method allowed the isolation of the DHICA dimers depicted in
“gure 3.3, which show that DHICA prefers to bind through the 4, 7 ad 3 positions (binding
through 2 is obviously prohibited due to the carboxylic acid ccupying that site). Chiral
linear trimers and tetramers of DHICA with binding through the 4 and 7 positions have also
been isolated (representative structures are shown in gure 3.[99, 100].

The preferential binding of DHI through the 2-position was lagér con rmed via NMR of
13C-labelled synthetic eumelanin [102]. This study also revedldinding of DHI through the
3 position (although to a lesser extent than the 2 position), and shved that these two sites

1By comparison, the primary structure of DNA and proteins de nes the order in which the monomeric
units (nucleic acids or amino acids) covalently bind to form a linear chain [95].
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Figure 3.2 : Dimers isolated from oxidised DHI [101]. The types of dimes formed indicates
which binding sites are favoured for DHI (2, 4 and 7).
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Figure 3.3 : Dimers isolated from oxidised DHICA [98]. The types of dimes formed indicates
which binding sites are favoured for DHICA (4, 7 and 3).

together (2 and 3) are responsible for three-quarters of thegion loss during polymerisation.

It is important to note that DHI and DHICA are thought to intimat ely copolymerise
when the macromolecule forms [103, 104], so the possibility opedominance of structures
consisting exclusively of either DHI or DHICA is unlikely (exceptwhere the pigment is
sythesised with only one type of monomer present). Most of the dimgeidenti ed thus
far consist of only one monomer because the polymerisations weleiberately performed
with only a single species present to produce the simplest possiblagromolecular product.
Mixed dimers have also been identi ed however, such as one thanéis through the 2 and 4
positions [105], and bindings of this nature are thought to beommon in naturally derived
pigment. In particular, DHICA may be structurally important as an 'end-capping' group
in eumelanin pigment, since the carboxylic acid group blockgolymerisation through the
2 position and makes the DHICA monomer more likely to exist at th@ends and edges of
structural units.
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R=-COCH , (Only one enantiomer for each atropoisomer is represented)

Figure 3.4 : Chiral DHICA tetramers isolated by tyrosine catalyzed oxidation of DHICA under
biomimetic conditions (from [100]).

3.2.1 Mass spectrometry (MALDI)

Matrix assisted laser desorption/ionization (MALDI) mass spectroratry has been successful
at identifying some of the species present in eumelanin samplegnt®etic DHICA eumelanin
and synthetic DHI eumelanin were studied, and were both found toontain a wide variety
of oligomeric species with mainly low molecular weights (masalues in the range 500-1500
Da) [106, 107]. No species larger than hexamers were identi egith the most common
being trimeric and tetrameric. The authors suggest that the se of the oligomers may be
dictated by their solubility in the reaction medium during the chain elongation process, and
hence is likely to vary depending upon the exact preparatioconditions. This suggests that
caution must be taken when comparing melanins prepared unddi®erent conditions and
from di®erent sources.

Representative structures of some of the species identi ed in DHGzumelanin are shown
in gure 3.5. Structure | shows bonding at the 4 and 7, consistentith the studies discussed
above. Structure Il contains some units that have been degrad by peroxidative ssion
(mainly by hydrogen peroxide) to produce pyrrolic chromopbres. This degradation was
found to be signi cant in both synthetic DHI and DHICA even under mid and controlled
conditions, and o®ers a much more diverse range of possible oligmrthan simple copoly-
merisation of eumelanin monomers. In this way, gradual degration of the pigment may
actually contribute to biological functionality by increasing chemical disorder (via the addi-
tion of pyrrolic chromophores and other compounds) and ensag a broadband absorption
spectrum (since pyrrole moieties introduce a new absorption iaaum).

Similar structures to those shown in gure 3.5 were obtained foratural (sepia) eumelanin
[108], again with low molecular weights (450 to 1200 Da), albugh the authors of that study
note that a signi cant proportion of high molecular weight pignent components may not
have been detected by MALDI due to the limitations of this metlod. Degradation was again
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Figure 3.5 : Representative structures of oligomers identi ed via masspectrometry in synthetic
DHICA eumelanin (no species larger than hexamers were obsexd). From [106].

shown to be a signi cant feature of the structures identi ed, con ming the relevance of the
synthetic studies to the natural pigments.

The most important nding from mass spectrometry of eumelanin ishat the majority
of the literature shows mass units within or belows 600; 1200 amu, which corresponds to
oligomers of between 4 and 8 monomer units [107{112]. Largelymeric structures are not
observed for any of the samples studied.

3.2.2 NMR

Although NMR is a blunt tool for studying the structure of polymers, clear di®erences
have been demonstrated between the NMR spectra of di®erent typafsmelanin indicating
that NMR spectroscopy is sensitive to primary structure. Accurateriterpretation of these
spectra for speci ¢ structures is challenging since they contamvery large number of peaks
(which are dixcult to assign), and these peaks are broadened due themical heterogeneity
[113, 114]. It has been suggested that high resolution liquid @be spectra would be more
detailed and may yield more structural information than the sbd state spectra that have
been reported [115]. Nevertheless, NMR measurements yield imjaoi structural clues, such
as the observation by Peter et al. that their sample contained high proportion of catechol
units which has important implications for the redox state ofeumelanin, and therefore its
covalent binding and optical properties [113].

13C and ®N solid state spectra con rm the presence of indolic structures in ehanin,
as well as pyrrolic species (probably from degraded indoled)1p]. It has also been noted
that synthetic melanins degraded with HO, have very similar**C NMR spectra to natural
Sepiaeumelanin [114]. This either suggests that the method used toteact protein from
the Sepia eumelanin was too harsh (and eumelanin was degraded in the pess), or that
degradation is signi cant in the natural system.

Aliphatic carbon residue resonances have been repeatedly répd in eumelanin NMR,
which is somewhat unexpected (the carbons in eumelanin areotilght to be predominantly
aromatic in nature) [113, 115{117]. Herve et al. attributed hiese resonances to residual
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proteinaceous material that was not removed in the extraatn procedure since they did
not observe them in their measurements of synthetic eumelanin$l7], but Peter et al.
report aliphatic carbon resonances in synthetic eumelanin isted from dopamine and DOPA
[113]. Golounin proposed instead that the aliphatic units areue to oxidative degradation
of the aromatic rings, again highlighting the presence of degptation in eumelanin from
both natural and synthetic sources [118]. The aliphatic regioof the spectrum is dixcult
to interpret, however, and may perhaps be attributable to bth degraded indole units and
residual protein [119].

Several more recent studies focused on natural melaninSepia eumelanin or human
hair melanin) and proposed some oligomeric structural modeldffaough the spectra remain
dixcult to interpret unequivocally [119, 120].

3.2.3 Bicoupling and planarity

All of the chemical species isolated thus far exhibit monocoupg (a single covalent bond
between the monomers). Some of these species are likely to beatastabilised by hydrogen
bonding [73], although many may be non-planar (the second mamer may rotate out of
the plane to reduce steric hinderance). Bicoupled dimers (ders with two covalent bonds
between the monomer units), on the other hand, will be constnaed to be planar. Bicoupled
dimers of DHICA have been investigated using density functionaéheory methods and were
suggested to be as stable or perhaps even more stable than the ntmupled dimers [74, 76].
This is not an intuitive result, given that bicoupled dimers ae sterically strained.

An NMR study of Herve et al. suggested that between 1.6 and 2.7 prot®mre lost from
carbon atoms per monomer as DHI oxidises to form synthetic euraain [116]. This indicates
that each monomer forms between 1.6 and 2.7 covalent bondshwits neighbours (depending
upon the oxidation pathway). A similar measurement for naturbpigment shows that they
lose 2.5 protons per monomer. This result does not take into aemt loss of protons from
hydroxyl groups, so the degree of covalent bonding may in facethigher. These numbers
suggest that bicoupling and tricoupling should be signi cant in @melanin structures.

Thus the question arises of why no bicoupled dimers have beenladed experimentally.
This has important implications for the secondary structure beumelanin; as shall be dis-
cussed in the following sections, there is evidence that eumalaself-assembles into planar
sheets which then aggregate vigkstacking interactions. This is logical for planar oligomers,
but it is dixcult to see how the aggregation process would occunithis manner for non-
planar species.

3.3 The size and shape of aggregates

3.3.1 Microscopy

It is natural to use high resolution microscopy techniques suchsacanning tunnelling mi-
croscopy (STM), scanning electron microscopy (SEM) and atomforce microscopy (AFM)
for the investigation of structure. These methods determine thsize and shape of aggregates,
but can only probe surfaces over small areas (not bulk propezs). Microscopy techniques
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are ideally suited to investigating the shapes and sizes of whatelanosomes (hundreds of
nanometers, or micrometres in the case &epiaeumelanin granules) [42, 90, 91, 121{124],
but are at their limits for structures smaller than this (such asthe identi cation of species
of the sizes indicated by mass spectrometry measurements). Thetdllty of analysis of
melanins is increased greatly by the fact that the method of pparation is known to a®ect
the structure, giving a variety of particle sizes for di®erent saples [42, 125]. This makes
repeatability a signi cant issue.

Several studies report particle sizes fdBepia eumelanin. Nofsinger et al. report SEM
images showing asymmetric particles ranging from 3 to 286! m in the long dimension,
and other paticles with doughnut shapes. They determined thahese consisted of smaller
closely packed structures that varied in their lateral dimensin from » 45 to 230 nm. The
transmission electron microscope images of Vitkin et al. were igr@ement with this (they
reported particle size distributions with a predominant paricle diameter of 90 nm) [124], as
did the results of Zeise et al. [16, 90].

The SEM measurements of Nofsinger et al. showed that these partislconsisted of even
smaller subunits that were» 15 nm in diameter [126]. They believed these to be aggregates
of oligomers that formed upon drying since they are still muctatger than the particle sizes
observed in mass spectrometry measurements. AFM measurements syl demonstrate
the presence of particles that are 15-25 nm in diameter [127].

Clancy and Simon published a more in depth AFM study oSepiaeumelanin deposited
on a mica surface in 2001 [128], which was later also includedaimeview of the application
of imaging technologies to eumelanin [129]. They showed thiite most prevalent structure
in Sepiaeumelanin is an aggregate comprised of particles with dianees of 100-200 nm, as
shown in gure 3.6. Filament structures were also observed on muohthe surface (seen in
“gure 3.6, and shown in more detail in gure 3.7). These laments we determined to have
an average height ob 5 nm and widths of tens of nanometers. Clancy and Simon used the
AFM tip to physically deform an aggregate, cutting across its cg#re as shown in gure 3.8.
The 100 nm particles were easily deformed, leaving a trough 30 nm deep and»> 30 nm
wide, and forming a ridge of» 20 nm along the sides of the cut. These data indicate that
the tip displaces constituents that are small compared with theimensions of the tip [129]
(ie. the 100 nm particles are not the smallest subunit of this syst®. The authors show
that these observations are consistent with previous experinsrvia the scheme depicted in
“gure 3.9. They use the eumelanin “protomolecule' model proped by Zajac et al. based
upon WAXS measurements (as shall be described later in section 3)4[130]. Flat sheets
(of a size consistent with mass spectroscopy measurements) stack¥igteractions to form
the protomolecule, and they propose these may aggregate edgewia hydrogen bonding
interactions or stack further to form Taments.

Several microscopy studies report the observation of even smallsubunits which are
more comparable to the particle sizes suggested by mass spectrpgcZajac et al. used
STM to identify a eumelanin protomolecule of» 20 A lateral extent and » 10 A height,
in agreement with the stacked oligomer model proposed based oMM data ( gure 3.13)
[130, 131]. Similarly, Gallas et al. used STM and AFM to image pécles with average lateral
dimensions of» 23 and heights of» 15A. These are proposed to be direct measurements
of the fundamental unit of melanin, the “protomolecule’ [13).
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Figure 3.6 : AFM images of a Sepia eumelanin aggregate deposited on mica from solution
(left: contact mode, right: de’ection mode). Scale bar is 97@6m. The micron sized aggregate is
surrounded by smaller eumelanin particles, and Taments aresvident on much of the surface in the
de’ection image (from [128]).

3.3.2 Small angle X-ray scattering (SAXS)

SAXS is a powerful technique for determining the bulk size and spa of particles on a
nanometer lengthscale, but is unable to discern features ongatrom lengthscales. Early
SAXS measurements on melanins suggested that aggregates havedausaof gyration be-
tween 15A and 50 A with shapes ranging from spheres to rods [133]. Later expeemts

suggest that eumelanin particles are sheet-like, with a meanithkness of 12.%\ and a lateral

extent of » 54 A [132]. These were shown to aggregate in the presence of coppesito

form long, rod-like structures with a radius of 32A which may aggregate further in higher
concentrations of copper ions into sheets with a mean thicksg of 51A. This study also re-
ported small angle neutron scattering (SANS) measurements on rdeuterated eumelanin
in H,O and D,O; these unfortunately had very poor statistical quality whichis probably

why SANS has not been extensively used to study melanins.

3.3.3 Wide angle X-ray scattering (WAXS)

A weak “prepeak’ was observed in WAXS measurements of the struaufactor of melanin;
this peak corresponds to a preferred spacing of 13 - 20[134{136]. This length scale
corresponds to the initial particle size of a colloidal eumetén solution determined in another
study [137], and hence was assumed to be the preferred aggregate. It was noted that the
prepeak height was dependant upon sample hydration (it de@ged with drying), although
the reason for this was unclear.

3.3.4 Summary

Based on the above evidence, we believe that, in a manner tygiof polymers, the preferred
aggregate size of eumelanin is likely to be determined by theldality of the eumelanin in
the particular solvent when it was forming, and hence this pferred aggregate size is likely
to vary widely from sample to sample.
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Figure 3.7 : Tapping mode AFM images of eumelanin Taments dried on mica [eft: height,
right: phase). The scale bar is 125nm. Lower graph shows a css section of the Taments in a
plane taken along the black line in the height image. These da show that the Taments are » 3j 6
nm in height and » 15 50 nm in diameter (from [128]).
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Figure 3.8 : (A) Tapping mode AFM images of a Sepia eumelanin aggregate before (left) and
after (right) the AFM tip was used to cut across the aggregatealong the direction indicated by the
white arrow. The scale bar is 210nm. (B) Cross-sections alonthe solid white line (perpendicular
to the cut) shown in (A) before and after cutting the aggregate. These images show that the act of
cutting displaces molecular constituents that are small conpared with the dimensions of the AFM

tip (from [128]).
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Figure 3.9 : A schematic diagram of the initial assembly of eumelanin baed on results from
scattering and imaging studies. The fundamental molecularunit is taken to be a small planar
oligomer built from approximately 5 DHI/DHICA units. This p lanar oligomer assembles through
Yastacking and side-on interactions. The formation of Tamentsis demonstrated (from [128]).

3.4 Evidence for Yastacking in melanins

3.4.1 Wide angle X-ray scattering (WAXS)

Wide angle X-ray scattering measurements probe short length seal(around the lengths
of covalent bonds in molecules). WAXS is therefore an excelletg#chnique for examining
structure on the primary scale. Additionally, WAXS can give some hited information about
larger length scales such as intermolecular distances (secamydstructure).

Early WAXS studies suggest that eumelanin is highly disordered, drthat the monomeric
units are arranged in lamellar (planar) structures that are sicked with an interlayer spac-
ing of approximately 3.4A [134, 135, 137{140]. Work by Chio additionally suggested the
presence of paracrystalline blocks linked together to form mdom aggregates [141]. Chio's
measurements were consistent with lamellar structures of fous eight monomer units stacked
up to three or four layers high in a manner similar to disorderedraphite. The presence of
paracrystalline blocks in naturally extracted melanosomesas con rmed by Bridelli et al.
[142].

These WAXS results were con rmed and re ned by measurements of Ragle scattering
of Mossbauer radiation, a technique which allows separation séattering contributions due
to polymer structure and those due to bound water molecules (oalinated water contributes
mostly to inelastic scattering, which is signi cant for eumelam samples) [143]. The higher
level of accuracy available with this technique gave con rntimn of previously dismissed
WAXS peaks and identi ed several that had not been previously obserd, giving a more
accurate de nition of the details of eumelanin structure fadr curves to match with later
computational models.
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Figure 3.10 : Structures investigated by Cheng et al. and compared to WAXS measurements
(from [145])

All of these measurements culminated in the excellent WAXS study bZheng et al.
published in 1994 [136, 144, 145]. This work remains the statetbe art, and it is unlikely
that more structural information can be gleaned from WAXS meas@ments of eumelanin
unless serious further advances are made in this technique. &dly et al. report the rst truly
guantitative measurement of eumelanin WAXS (earlier studies we limited by Compton
scattering and the energy of the X-ray radiation). To achievehis they apply very signi cant
corrections to their WAXS data, rstly for Compton scattering (which is as much as ve
times greater than elastic scattering over the highjregion because eumelanin consists of light
elements), and secondly for coherent multiple scattering (nelin has a low X-ray absorption
coexcient meaning that coherent multiple scattering accoustfor up to 4% of the measured
signal). The authors caution that due to the application of tlese large corrections the ner
details of the structure factor should not be relied upon absdiely.

Cheng et al. reported the WAXS from naturalsepiaeumelanin, synthetic tyrosine eume-
lanin and synthetic L-dopa eumelanin, and showed that all the give very similar results,
indicating that these synthetic eumelanins are appropriate ndels for natural eumelanin (at
least as far as primary and secondary structure is concerned).l Aamples showed a charac-
teristic spacing of 3.45A, which corresponds to the interlayer spacing of defective grhite
[146], and hence was attributed to stacking of layers.

Cheng et al. published a second part to this WAXS study, where theyrpposed vari-
ous molecular structures for eumelanin (shown in gure 3.10) dncompared these to their
WAXS results. All the proposed structures are planar (to allow for tk observed stacking),
and contain between 5 and 8 monomer units (to produce partesd consistent with the ob-
served preferred aggregate size). Highly symmetric structuresg( Plane I) were dismissed
since these give rise to sharp peaks not observed in the experinardtructure factor. All
structures with a relatively random arrangement of monomerglanes I, Ili(a) and Ili(b))
adequately t the experimental data, and the authors conclud that eumelanin probably
consists of a statistical average of many molecular structures.

Structure factors [S(q)] and corresponding radial distribubn factors [RDF(r)] calculated
by Cheng et al. for two structures are shown in gures 3.11 and 21with comparison
to the experimental spectrum measured for tyrosine eumelanirfrigure 3.11 shows the t
with a theoretical structure of simply a single DHI monomer. Note hat this structure
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reproduces nearly all of the observed peaks, suggesting that WAXS highly sensitive to
the arrangement of atoms within the monomer unit, but less so tprimary and secondary
structure. This structure notably does not reproduce the rst shgp di®raction peak; this
peak does not appear in the structure factor until stacking ofayers is included in the model
(further evidence of¥%zstacking in eumelanin). This was done to produce gure 3.12.hls

shows the best t that was obtained by Cheng et al., for a structureonsisting of the Plane
[1l(a) structure stacked four layers high with a gaussian distribtion of spacing between
layers centered around the average value of 3.85 as illustrated in “gure 3.13.

Cheng et al.'s work o®ers a signi cant insight into the structurefeumelanin. We caution,
however, that it should not be accepted as the only possible stitucal model which will 't
the experimental data. The authors of this study emphasise thaitlthough this structural
model produces a good t with experiment, other models may eglly do so, and this data
should be used predominantly for the rejection of structural natels which do not agree. With
the lack of further strong evidence to support or contradict tis model in later experiments,
it has developed into a dogma which is not founded strongly irhé original experiment.

3.4.2 E®ects of mild bleaching

Gallas et al. used scanning tunneling microscopy (STM) and tappy mode atomic force
microscopy (TM-AFM) techniques to study the e®ects of mild bleding on powdered eume-
lanin pigment deposited on various surfaces [147]. They diseogd that bleaching had little
e®ect on the lateral dimensions of the observed structures 23 A), whereas the height
of the structures decreased signi cantly with bleaching (from» 15 A to » 5 A observed
with STM and from » 14 A to » 6 A with AFM). They interpret this observation as the
destacking of oligomer sheets with bleaching. Bleaching isp@cted to oxidise the oligomers,
making them electron de cient and therefore not readily abléo form Yastacked sheets [147].

SAXS analysis of the e®ects of mild bleaching are consistent withetfe results [148].
Littrell et al. determined that before bleaching eumelaninparticles are sheet-like with a
thickness of» 11 A, and that the radius of gyration of the particles decreasesdm 16.5 to
12.5A with increased bleaching. They summarise their ‘ndings in the stictural scheme illus-
trated in gure 3.14. The oligomers shown are covalently bondeplanar sheets of monomers;
these oligomers stack to form protomolecules with a spacing leten layers of 3.4A. These
protomolecules then aggregate edgewise during synthesis daéhydrogen bonding. During
the bleaching process the authors propose that these hydrogeonbls are disrupted causing
deaggregation and delamination. It should be empahsised thdig details of this scheme are
based on experimental evidence from other sources, and could he determined from the
SAXS measurements reported in this study alone.

These observations are consistent witkzstacking in eumelanins, but do not prove it
unequivocally.

3.4.3 Melanin thin Tms

AFM analysis of eumelanin thin Ims prepared using an organic sawt-based synthesis
shows that the Ims consist of relatively planar eumelanin struatres [149]. These structures
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generate surface steps with heights in the range 2-3 nm, and dotriend to form larger
aggregates. This step height is two to three times larger tharhé proposed protomolecule
height, possibly suggesting that this method of producing Tms cfumelanin leads to di®erent
surface structures than those observed in bulk eumelanin powderHowever, these results
do con rm the tendancy of eumelanin to form planar structures wich would allow for %
stacking.

3.4.4 Transmission electron microscopy (TEM)

Very recent high resolution TEM images of synthetic dopa-dered eumelanin from our group
con rm the prevalence ofYzstacking in eumelanis. Images revealed spherical particles of
approximately 5.8 nm diameter which were formed from layens a nano-aggregate onion-
like manner, as shown in “gure 3.15. The spacing between layessmeasured to be> 3:8 A,
consistent with ¥sstacking distances in other indolic and porphyrin systems [1§153], and
consistent with the earlier WAXS measurements of eumelanin [136]

Ysstacking was also con rmed for natural eumelanin extracteddm bovine epitheliunt?,
as shown in gure 3.16. This natural sample does not appear to feformed the nano-
aggreate structures of the synthetic sample, but rather long ntinuous sheets. The stacking
distance for the bovine eumelanin is also determined to be 38 identical to the synthetic
system. The 5.8 nm diameter particles are not evident in this sgute, and interestingly,
particles of the dimensions of the proposed eumelanin protofeoule are also not evident. It
is possible that the image consists of protomolecules bonded edgse to form long continuous
sheets. Larger polymeric structures cannot be ruled out based ap these images, but
seem unlikely based upon mass spectrometry results which suggestredpminance of low
molecular weight species in these systems.

Eumelanin is notoriously insoluble, but our group has recemntldevised a method to solu-
bilise synthetic eumelanin in the common organics solvents dathyl formamide (DMF) and
dimethyl sulfoxide (DMSO). Dissolving the eumelanin in these seénts does not appear to
disturb its spectroscopic properties. This was done by treatinpe synthetic eumelanin with
an aqueous solution of ammonia which is then combined with b#&r DMF or DMSO. The

2Synthetic eumelanin was prepared and puri ed using the standard procedure outlined in reference $0]
the result of which was a black powder with a solution a broad band monotonic gectrum characteristic
of all melanins. The powder was ultra-sonicated in dichloroethane to create a disggrsion, which was then
deposited onto a lacy-carbon grid for high resolution TEM analysis.

3Bovine retinal epithelium (RPE) melanin was isolated and puri ed via the standard method outlined
in reference [154]. Brie®y, once the unnecessary portions of the bovine eye were disdad the RPE cells
were gently brushed o® Bruch's membrane. When freed, the cells were washed out of the eye cughwi
Dulbecco's phosphate-bu®ered saline without calcium and magnesium (PBSA). The cells were digted by
mechanical homogenisation. Cellular debris was removed by centrifugation at 6@ for 7 min. The resultant
low speed supernatant was centrifuged at 6000 g for 10 min to sediment the pigamt granules. This sediment
was re-suspended in 0.3 M sucrose and layered onto a discontinuous sucrose gradiant centrifuged on a
MSE super speed centrifuge at 103,000 g for 1 hr. The melanosomes formed the peland were isolated
and further puri ed by running a second identical gradient and the pellet obtained was washed dur times
with PBSA in order to remove the sucrose. The melanosomes obtained in this fashiowere treated with
hydrochloric acid to remove the protein and membrane components. The resultanimelanin was washed
with, and then re-suspended in PBSA.
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ammonia and water are then removed under a partial vacuum t@éve a solution contain-
ing the eumelanin in either DMF or DMSO. This is somewhat noveds simply sonicating
eumelanin powder in either of these solvents doesn't give a satut but merely creates a
suspension which settles over time. A typical TEM image for this &abilised eumelanin
is shown in gure 3.17. To acquire this image the eumelanin wasgpared as described
previously and then precipitated by the addition of toluene.lt can be clearly seen that the
stacking of layers is no longer evident, indicating that dissainhg the eumelanin in DMF has
removed the stacking in the system. We believe, therefore, thtie ¥zstacking of eumelanin
is what causes its low solubility in most solvents.

Most signi cantly, these TEM images clearly demonstrate that/sstacking is present in
both synthetic and natural eumelanins.

3.5 Other considerations

3.5.1 Disorder and variability

In analysing these studies it is important to remember that we & dealing with a highly
heterogenous system (as evidenced by the majority of experimed data). This means
that no one correct structure exists in the way that it does for sgci ¢ proteins and DNA
molecules, and we can deal only in statistical averages, probgliiest approached by using
nomenclature borrowed from the science of disordered polyraerAlso, we must remember
that synthetic eumelanins are ultimately likely to be di®ereinfrom those in nature, and
once we have a better grasp of the structure of the model syntheteumelanins we must
study separately the more complex natural system. Care must be &k in how the natural
eumelanin is extracted, since harsh extraction techniqueseaknown to damage the eumelanin
[90].

The structure of the eumelanin is also likely to be strongly demelant on the source.
Given the di®erences between their monomers, eumelanin wilnast certainly have a dif-
ferent structure to pheomelanin. The ratio of DHI to DHICA in eunelanin is also known
to vary widely between sources, and this will undoubtedly hava strong impact upon the
primary and secondary structure. Enzymatically prepared eueianin has been shown to
contain » 10% DHICA, whereas natural eumelanins can contain up to 75% [4401].

3.5.2 Melanosomal proteins

Models of natural eumelanins must incorporate the extensivemeunt of protein that is
known to be found in natural melanosomes. In 2003 Basrur et al. adti ed 56 proteins
in melanosomes that are shared with other organelles and an dauhal 12 proteins that
are speci ¢ to melanosomes [13]. The presence of melanosome-gp@coteins strongly
suggests that the protein in melanosomes is signi cant for the bamical functioning of eu-
melanin. Light scattering studies also suggest that the enzymerysinase (known to catal-
yse eumelanin synthesis) plays a crucial and complex role in dieg the nal structure of
melanosomes [155]. The in°uence of these factors upon the sturet of eumelanin has been
thus far completely neglected.
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3.5.3 Porosity and the uptake of metal ions

It has been shown that whole melanosomes can absorb up to 8% byghkeiof Fe(lll) (one
Fe(Ill) for every three to four monomeric units) without any dxange in morphology [156].
Additionally, a substantial amount of the metals naturally bound to eumelanin in whole
melanosomes can be extracted without morphology change (redhan 90% of the eumelanin
Is treated by suspension in water and use of a chelator such as EDTAoth of these
observations strongly suggest that the structural organisationfenelanosomes allows excient
transport of metals throughout the particle [94]. Detailed stuctural models consistent with
this are yet to be formulated, although it has been suggestedahmelanosomes may feature
channels to allow the passage of metal ions [156]. Brunauer-ieit-Teller surface area
analysis and Barrett-Joyner-Halenda pore volume analysis iitdte that the surface of the
150 nm granules observed by SEM imaging is not smooth, and thale interior of the
granules is not porous, but rather that the aggregates of thergnules (multi-* m sized) are
porous [125].

A model recently proposed by Kaxiras et al. [82] suggested an angement of DHI
monomers that forms a porphyrin-like structure, as shown in gre 3.18. This porphyrin-ring
structure was proposed to explain the observed metal bindingqperties of eumelanin. Other
studies, however, suggest that metal binding to eumelanin inw@s coordination to either
the o-dihydroxyl groups (for Fe(lll)), or to carboxylic acid groups (for Mg(ll) and Ca(ll))
[156]. A ring structure is therefore not necessary to explain @ binding in eumelanin.

3.5.4 Treatment with detergent

It was shown in 1973 that detergents cause dissolution of melanoses [157]. This shows
that there is signi cant non-convalent bonding in eumelaninswith dominant forces possibly

being hydrophobic interactions. This nding is consistent witha general¥astacking model

for eumelanins [94].

3.5.5 Hydration

Hydration is believed to be very important in dictating the ptysical and structural properties
of eumelanin [41]. Some of the water contained in eumelangstrongly bound, and removal
of this water has been shown to result in increased susceptibility autoxidation [158]. This
suggests that bound water is structurally important in eumelaim. Optical scattering studies
suggest that the amount of water found in eumelanin particlesidependant upon the pH
at which aggregation occurs; an alkaline pH produces soft eula@n polymers that contain
a large quantity of water organised into internal cages thatsi ditcult to extract, whereas
an acidic pH produces denser granules hydrated mostly at the $ace from which water
can be easily desorbed [155]. The structure of eumelanin thin &ralso depends upon the
solvent used for the deposition process, suggesting that water pagt fundamental role in
determining the structure of eumelanin [149].



38 The structure of melanin

3.5.6 Fractal structure

Static and dynamic light scattering of the dynamics of aggregion of synthetic eumelanin
reveals fractal structures in the precipitates [159]. The dhors of this study identi ed two
regimes of aggregation kinetics, one exhibiting di®usion litad aggregation (DLA, fractal
dimensiond; = 1:8), the other reaction limited aggregation (RLA,di = 2:2). A later
optical scattering study con rmed this fractal nature (d = 2:38) and showed that their
natural eumelanin sample was characterised by particles ofemage molecular weight> 1P
and a radius of gyrationRgq » 90 nm, with spherical symmetry that did not have a high
water content [155]. A more recent study used nitrogen adsorpti isotherms to con rm
again the fractal structure of eumelanin particles, and also sived that the surface structure
of eumelanin is likely to be signi cant for the biological actiity of eumelanin (porosity
characteristics and surface area values suggest a strong invatest of adsorption processes)
[160]. SAXS measurements also con rm the fractally rough naturé e surface of eumelanin
particles [144].

3.6 Chapter conclusions

In light of the extensive challenges facing this eld, it is haily surprising that the primary
and secondary structure of eumelanin remains thus far unreset We do, however, know
the following:

2 The eumelanin monomers bind preferentially through the 2,,4 and 3 positions (for
DHI) and 4, 7 and 3 positions (for DHICAY.

2 Melanin consists of many chemically distinct low molecular wgit species containing
between 4 and 8 monomer units. Large polymeric structures hawet been observed,
but cannot be completely ruled out based upon the current evahce.

2 Melanin is often observed to consist of particles with a lateralimension of» 20 A
and a height of» 10 A. However, larger particles are also frequently observed, and
smaller particles are likely to be dixcult to detect via many méhods. We believe that
the observed particle size is strongly dependant upon the solteand environmental
conditions under which the pigment was formed.

2 Recent TEM images unequivocally showsstacking is a predominant structural feature
of both synthetic and natural eumelanin in a manner similar to morphous graphite.

2 Most signi cantly, the structure of eumelanin is highly disordeed and any structural
description must be a statistical average.

In light of these observations we believe that the stacked pratwlecule model (gure
3.13) is the best description of the molecular structure of euraain, but we also caution that
the extent of disorder in this system has been largely neglectduis far when this structure

“Note that DHI and DHICA are thought to intimately copolymerise in the na tural pigment, as outlined
in section 3.2



3.6 Chapter conclusions 39

Is assumed to dominate. We propose that the nomenclature that fidoeen developed to
describe disordered polymer systems could be e®ectively appliedescribing the structure
of eumelanin in a more accurate way. Polymer science may als@yide insight into e®ective
modelling techniques that incorporate this disorder more e@tevely.

Large polymer structures have not been directly observed in wrstructural measure-
ments, and although many of the results could be consistent withotymer structures, it
seems unlikely. Mass spectroscopy measurements, in particularggest that small oligomer
structures dominate. Disorder is also shown to dominate in this siem. We therefore believe,
based upon this structural evidence, that the amorphous semitductor model explanation
for the broadband absorbance of eumelanin is unfounded, angetchemical disorder model
Is a much more likely explanation for broadband absorbance.
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Figure 3.11 : a) Structure factor, S(q) and b) radial distribution fucti on, RDF(r) for a DHI
monomer (solid line) compared with experimental WAXS measuement for tyrosine eumelanin.
The structure of the monomer alone clearly reproduces most fothe signi cant peaks, suggesting
that WAXS is highly sensitive to the arrangement of atoms in the monomeric units, but less so to
primary and secondary structure. (from [145]).
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Figure 3.12 : Structure factor, S(q) and radial distribution fuction, R DF(r) for a four layer
aggregate model of eumelanin particles with a gaussian spig distribution (solid line), compared
with experimental WAXS data from tyrosine eumelanin (crosses). This structural model provides
the best t to the experimental data of those investigated (from [145]).
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34 A

Figure 3.13 : The oligomeric molecular model of eumelanin proposed by Zac et al. consisting
of three stacked oligomeric sheets. The overall dimensionare » 20 A in lateral extent and » 7:6
A in height. This has been termed the eumelanin “protomolecle’ (from [130]).
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Figure 3.14 : Structural scheme proposed by Littrell et al. indicating changes in eumelanin with
bleaching. Based on evidence from other experiments they skv oligomers as covalently bonded
sheets which stack to form protomolecules. They propose thathese protomolecules hydrogen
bond edgewise into aggregates during synthesis. Hydrogerepoxide disrupts these hydrogen bonds
leading to deaggregation and delamination during bleachig (from [148]).
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Figure 3.15 : A high resolution phase contrast TEM image of synthetic dop-derived eumelanin
clearly demonstrating Yastacking of layers within onion structures. This image was ®tained on
material overhanging the lacy grid to remove the amorphous arbon background and increase the
sample contrast.

Figure 3.16 : TEM image of bovine epithelium eumelanin clearly demonstating %sstacking of
layers. The lateral extent of the layers is much larger than hat for the synthetic sample, likely due
to di®erent solvent conditions during formation.
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Figure 3.17 : TEM image of synthetic eumelanin that has been fully solublised. The stacking of
layers is no longer evident, suggesting that the lack of sohility of eumelanin is due to ¥sstacking.

Figure 3.18 : Hypothetical eumelanin tetramer proposed by Kaxiras et al Gold = C, red = O,
blue = N, white = H (from [82]).
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4.1 Chapter abstract

We have accurately measured the optical scattering coexcienf a dilute, well solubilised
eumelanin solution as a function of incident wavelength, anbund to contribute less than
6% of the total optical attenuation between 210 and 325nm. Abnger wavelengths (325nm
to 800nm) the scattering was less than the minimum sensitivity obur instrument. This
indicates that UV and visible optical density spectra can be int@reted as true absorption
with a high degree of con dence. The scattering coexcient vs welength was found to be
consistent with Rayleigh Theory for a particle radius of 3§ 1nm.

4.2 Chapter introduction

Wolbarsht suggested in 1981 that the broadband absorption speatn of melanin may be
due to scattering, rather than electronic or physical propenes of the eumelanin itself [54].
He noted that Rayleigh scattering would reproduce the broadioa spectrum, and account
for the increase in optical density at short wavelengths. This lsavery serious implications;
if the measured shape of the absorption spectrum is dominated byastering then great
care must be taken when calculating optical properties. Despitseveral studies on the topic,
optical scattering remains a signi cant concern. The publishetiterature on the scattering
of eumelanin solutions is sparse and not cohesive, hence it is ukat this point to brie®y
review past work.

The importance of optical scattering was noted by Nofsinger animon when they dis-
covered that the shape of the eumelanin absorption spectrum is@hgly dependant upon the
particle size [17, 161]. Since scattering intensity is very stigly dependant upon particle size
this could indicate that the optical density of eumelanin is dminated by scattering. To test
this, they conducted photoacoustic measurments which suggestbat the measured optical

45
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density was not dominated by scattering for wavelengths longéhan 400nm for any particle
size fraction [17]. An earlier photoacoustic calorimetry measement by Forest and Simon
similarly suggested that scattering contributes no more than 25 of the total light extinction
at 350nm [162]. Hence Nofsinger and Simon concluded that the olveel dependance upon
particle size was due to electronic and physical properties thfe eumelanin.

Recently, a number of optical emission and excitation studiesalie been published, which
report accurate quantitative measurement of key propertiesuch as the radiative quantum
yield as a function of wavelength [47{49, 163, 164]. Such siad provide valuable insight
into energy absorption and dissipation mechanisms, as well as stied light on the struc-
tural question. These measurements require the assumption thatastering is negligible. If
this is not the case, the scattering coexcient should be measureddasubtracted from the
optical density to obtain the true absorption. This was attemped by Krysciak, who directly
measured the optical scattering from a dilute eumelanin solah as a function of wavelength
[165]. He found scattering to be negligible between 500 and 7@f but also discovered
the puzzling result of "negative scattering' at shorter wavetgths. He suggested that this
was due to multiple scattering events and absorption (which ltemes very large at shorter
wavelengths) decreasing the measured scattering below the poasly measured baseline.
Krysciak's results were non-conclusive, neither con rming noexcluding the prescence of
scattering at optical wavelengths.

The following year, Kurtz reported on a theoretical prediabn of the relative contributions
of scattering and absorption to the optical density of eumelani[166]. He used the real and
imaginary parts of the refractive index of melanin measuredia previous study to determine
the extinction, scattering and absorption cross sections ovehe visible spectrum. Kurtz
found that in the Rayleigh regime (particle radii much less thn the wavelength) absorption
dominated over scattering, whereas for larger particles thevo contributed equally. He
emphasised the very strong dependance of scattering on partislee. The importance of this
is experimentally apparent in a 2001 study by Sardar et al. wine scattering and absorption
coezxcients were measured at four optical wavelengths betwe@&33nm and 476nm [167].
They found that scattering far outweighed absorption at all waelengths, contributing more
than 99% of the optical density at 633nm. This result contradis all previous studies, and
is almost certainly due to the sample preparation, which reswdtl in what was described
as ‘a brown turbid suspension’. The authors state that the eumelm particles were not
solubilised and remained a particulate suspension. Under these ditions, the particle sizes
would most likely be much larger than those in the well solubiligk dilute solutions typically
used for spectroscopic studies [17, 47, 48, 161, 163, 164].

Other studies have attempted to use alternative methods to meare the absorption of
eumelanin in the absence of scattering e®ects. Caiti et al. usedopdacoustic phase angle
spectroscopy of powdered eumelanin in the dry state [168]. Thischnique is insensitive to
scattering, and con rmed unambiguously the decrease in the abptipn of eumelanin with
increasing wavelength. Unfortunately, the phase spectra do nobrrespond by visual inspec-
tion to absorption spectra, and interpretation remains dixcut. Therefore, while this study
sheds doubt on the Wolbarsht model, it does not allow correctioof absorption spectra for
scattering e®ects in a quantitative way. Similarly, a recent atly by Albuquerque et al. used
photopyroelectric spectroscopy to measure the optical absorph coexcient of eumelanin
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in the solid state [71]. Again, the decrease in absorption with ineasing wavelength was
con rmed, although a direct comparison with solution measurennés could not be made due
to the di®erent properties of the system. Interestingly, a bandag was observed at 1.70eV
(730nm), which is possibly hidden in solution spectra by scattery.

A careful study by Vitkin et al. in 1994 gives the most quantitatve estimate available of
the scattering coexcient of a eumelanin solution [124]. Vitkinteal. conducted photometric
measurements with a double integrating sphere system at 580nmda633nm. They found
that scattering contributed 12% and 135% of the total attenuation coexcient at each wave-
length respectively. These values, while small, are enough tdrduce signi cant error in
the measurement of the radiative quantum yield and other optal parameters, and should
ideally be corrected for. A measurement of the scattering coetent as a function of wave-
length would allow the subtraction of scattering e®ects from thoptical density spectrum to
achieve this.

If the scattering coezxcient as a function of wavelength were lawn, the shape of the
scattering spectrum could be compared with Rayleigh Theory. Adiscussed in chapter 3,
there remains debate as to the primary and secondary structuid eumelanin: large het-
eropolymer, or oligomer [77, 78]. This is a most fundamentaligstion, since it in°uences the
interpretation of many other experiments. Since Rayleigh sttaring is strongly dependant
upon particle size, these scattering measurements can also be usedietermine a fundamen-
tal particle size of eumelanin in solution. Hence we have conded an integrated scattering
measurement as a function of wavelength over the ultravioleange, where scattering e®ects
should be most signi cant.

In addition, the solutions used by Vitkin et al. (007% to Q12% eumelanin by weight)
were more concentrated than those best suited to “uorescence measwents. The broadband
absorption spectrum of eumelanin gives rise to signi cant reabgaion and inner lter e®ects
at concentrations above M025% by weight [47, 163]. Although scattering should scale
linearly with concentration it is feasible that there is less ggregation at lower concentrations,
giving rise to less scattering. Hence we have made a direct measueat of the scattering
coezcient at the ideal spectroscopic concentration.

In this chapter we:

1. Measure the integrated scattering from an optical spectrogop grade eumelanin solu-
tion as a function of wavelength from 210nm to 325nm

2. Develop general equations to measure the scattering in bdteand absorbing samples,
and apply these to the speci ¢ case of a eumelanin solution

3. Show that the measured scattering is consistent with Rayleigheory, and use this to
estimate an approximate particle size

4.3 Experimental

4.3.1 Sample preparation

Synthetic eumelanin powder was purchased from the Sigma Chieal Co. (lot 60K1383, pre-
pared by oxidation of tyrosine with hydrogen peroxide) and uskewithout further puri cation
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1. The powder was solubilized to form a:Q% solution (by weight) in high purity 18:2M -
MilliQ de-ionised water adjusted to pH 11.5 with NaOH (since thiss the minimum pH at
which eumelanin is reliably soluble). The stock solution was giy heated and sonicated for
15 mins to ensure complete solubility.

The stock solution was then diluted to a concentration (by weigf) of 0:0025%. Under
such conditions a pale brown, apparently continuous eumelandispersion was produced.
This is identical to the sample preparation used for spectroscigpanalysis throughout this
thesis. This concentration was selected because it maximises theak °uorescence signal
whilst minimising distorting re-absorption and probe beam atteuation e®ects (and hence is
ideal for measuring emission).

4.3.2 Absorption spectrometry

An absorption spectrum between 200nm and 800nm was recordedtfoe synthetic eumelanin
solution using a Perkin ElImer Lambda 40 spectrophotometer. An t@gration of 2nm, scan
speed of 240nm/min and slit width of 3nm bandpass were used. The spram was collected
using a quartz 1cm square cuvette. Solvent scans (obtained undgentical conditions) were
used for background correction.

4.3.3 Integrated scattering

Scattering measurements were made using a Perkin EImer Lambd@ spectrophotometer
with an integrating sphere attachment (Labsphere RSA-PE-20 Rectance spectroscopy ac-
cessory). The solution was contained within a 1mm path length @qutz cuvette that was
placed at the front and back of the sphere as shown in gure 4.1 bha c) to measure the
forwards and backwards integrated scattering respectivelyScattering anisotropy was not
of concern for this study, since we are interested only in the tak scattering signal. Mea-
surements were taken with a scan speed of 120nm/min, a slit widtd dnm bandpass and
2nm smoothing. Since the scattering intensity was very low eadtan was taken ve times
and averaged. The 100% re°ectance intensity was determined ngpia labsphere certi ed
re°ectance standard, as shown in gure 4.1 a). The solvent alone sveneasured in both the
front and back positions (gure 4.1 b) and c)) and subtracted a#r absorption correction
(described in the following section). Some light was inevitdp lost due to the non-zero size
of the beam entry and exit holes in the sphere, and due to the widof the cuvette. This
loss, along with the non-perfect re°ectivity of the inside of thesphere was accounted for by
the use of the 100% transmission measurement as a standard. A shorthpkength cuvette
(Imm) was used to minimise this loss.

4.4 Theory

Eumelanin solutions have strong, broadband absorbance, and aptical spectroscopic re-
sults are therefore a®ected by re-absorption (attenuation of éwescence) and inner Tlter

IPlease note that synthetic eumelanin is not necessarily identical to naturally occuing eumelanin, and
comparison of results between the two systems should be made with caution, asstussed in section 1.3.
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Figure 4.1 : a) Geometry for 100% transmission standard. b) Geometry tocollect forward
scattered light c) Geometry to collect backwards scatteredlight.

(attenuation of the incident beam) e®ecfs Although a narrow cuvette and dilute concen-
tration were used to minimise these e®ects, it was necessary to pernf@a careful analysis to
account for attenuation of the measured scattering by absormtin. We derive here a general
method for correcting for absorption e®ects in scattering measments that can be applied
to any strongly absorbing solution.

We de ne ®y to be the forward scattering coexcient,®, to be the backward scattering
coexcient, and ® to be the total scattering coexcient, such that®y; + ®, = ®. The
absorption coexcient is given by®, and the total attentuation coezxcient is given by ®,. We
assume that® = ®,+ ® (any attenuation not due to scattering is included in the absagtion
coezxcient). Consider a cuvette of widthd, with a beam of light incident from the left, as
shown in gure 4.2. By de nition, in a small regiondx the attenuation of the beam due to
each e®ect (forward scattering, backwards scattering or abstigm) is proportional to each

2For a full discussion of these e®ects and the most basic form of the correction mettigplease refer to
chapter 6



50 Quantitative scattering of eumelanin solutions

®dx, and to the intensity of the beam in that region ( (x)). Therefore

dix) = dig +dig+ di,
i ® 1 (x)dx i @l (x)dx i ®ul (x)dx
i (B + ®p+ ®)I(x)dx

i &I (x)dx

Integration then gives
| (x) = 1oe & (4.1)

which is the familiar Beer-Lambert Law, wherd g is the intensity of light incident upon the
cuvette. We want to nd an expression for the total intensity of Ight scattered forward,| ¢ .
This will be given by the sum of the light scattered forward fromeach part of the cuvette,
fromx=0to x = d, Z,

The negative here comes from the fact that we are summing then&lost from the incident
beam due to forward scattering to nd the total amount that is scéered forwards. Using
the de nition of the forward scattering coe+cient (R ) discussed above this is given by
Z d
Ist = ®x | (x)dx
0

Using equation 4.1, 7
d £ . o]
lss = @y lo€ ®* dx
0

Evaluating the integral then gives us an expression for the tat amount of light scattered
forwards:

' ¢
[ .
lgt = %Io 1;j e @®d (4.2)
Similarly, the intensity of light scattered backwards () is given by:
' ¢
= %Sblo'li o @d (4.3)

4.4.1 Correction for absorption

We make the geometric approximation that the light scatteredn the forward direction will
travel a path length ofdj x to leave the cuvette (refer to gure 4.2). As the scattered light
travels this distance through the eumelanin solution it will 2 attenuated by absorption. We
assume that attenuation is only due to absorption here, and not attering, since multiple
scattering is known to be negligible for eumelanin solutiong ¢his concentration®. Let the

3Multiple scattering is negligible if the total attenuation coexcient is linear i n concentration [169, 170].
This has been shown to be the case for eumelanin solutions at the concentrations usenl this study, as
reported in chapter 6. Note that this is equivalent to saying that the inverse of the scattering coezcient (the
average distance between two successive scattering events) is suzciently larger thdahe cuvette dimension.
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Figure 4.2 : Cuvette geometry (rectangular cuvette viewed from above)

“nal intensity emitted forwards from the cuvette (attenuated by absorption) be given byl ;.
Using the Beer-Lambert Law (equation 4.1),

dler = dlgs € ®a(di ) (4.4)

Therefore the total intensity of scattered light emitted forvards is given by
let = i dl e

Substituting equation 4.4 gives

0

By the de nition of ® we nd
Z 4
leg = @ =9 (@1 (x)dx)

0

Substituting equation 4.1 then gives
ZW®d i .
Ief e el a (di X) ®Sf Ioel de
0
Integration then yields an expression for the total amount ofight emitted from the cuvette
due to forward scattering (a®ected by absorption):

&t L edEy . (@ @a)d°
|a=@f@emlieW@“w (4.5)
Similarly, the nal backwards scattered intensity emitted fran the cuvette (l¢n) will be

given by:
£ o]
len = @C%"@a 1j @ (o (4.6)
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where the absorption for back scattering occurs over a distange(rather than dj x) as
shown in gure 4.2.
To determine the amount of light that was originally scattere (I s ) from the attenuated
intensity that we measure () we combine equations 4.2 and 4.5 to eliminate
_@ie” e

where we must subtract o® the background signaB{) which is measured from a blank
cuvette (containing solvent only) to remove scattering fromhe solvent and cuvette walls.
This process can be repeated in a very similar manner for the lb&@rds scattering to nd

_g+et 1em T
lsp = & 1| & @ e lebi Bo

(4.8)

whereBy, is the background scattering in the backwards direction.

We have made several assumptions in the above derivations, whisle will now sum-
marise. First, it is assumed that the incident beam is scattered a small enough angle
(either forwards or backwards) that we can make geometric apgximations of the path
length, as described earlier. This is justi ed by thecos’(H) angular dependence of Rayleigh
scattering, which therefore requires that the scattering pé#icles are small enough to be
within the Rayleigh regime (particle diameter much less thathe incident wavelength). We
also assume that we can de ne a scattering coexcient as an intensiv@perty of a melanin
solution (scattering per unit length). This is true only if multiple scattering is insigni cant,
which is true for suxciently dilute solutions (as is the case heje Absorption of the scat-
tered light, detection exciency and background noise are allcaounted for in the method
outlined below. Thus, this method can be applied to any sampld small scattering particles
(diameter much smaller than the wavelength of the incident giht) suxciently dilute such
that the total attenuation is linear with concentration, where absorption is believed to be
a®ecting the measured scattering intensity.

4.4.2 Comparison with experiment

We must now take into account the actual manner in which the irgnsity of the scattered
light was measured. We de neS to be the light received by the detector as a percentage
of the maximum light received with a standard re°ector in placef the beamdump (refer to
“gure 4.1).

S = Irecorded £ 100

max

Assuming the detector receives a constant fraction of the true dtared light, and 100% of
the light is scattered by the standard re°ector in the calibraton test,

S= 'Ta“ £ 100 (4.9)
0

where |l ¢4 IS scattering in either the forwards or backwards directionThus S is the per-
centage of incident light scattered by the sample. However, thgetected values are a®ected
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by absorption. Let Sy¢ be the scattering signal actually measured (a®ected by absorptjp

|
Syt = -2 £ 100
lo

SinceS is linear in | we can apply the recorrection given in equation 4.7 to obtai6;, the

true percentage ofl ; that is scattered forwards

@i @' 1j o
® g ®ad | e ®&d

where Sgg; IS the background scattering signal measured in the forwardsrections. Simi-

larly for scattering backwards

@+ @' 1j o
® 1j e (&+®)d

where S, is the percentage of incident light scattered backwardsS,,, is this percentage

attenuated by absorption, andSggy, is the percentage scattered backwards in the background

measurement. The total scatteringS = S + Sy is then given by

@i ®" 15 e @+@' 1j ¢®

i +
® e ®adi e ®d Smt i Seef ® 1 e (& +®q)d

Sf:

Smi i Sset (4.10)

l

Sp = Smbi Seeb (4.11)

S =

Smbi Seep (4.12)

4.4.3 Determining the scattering coexcient

Finally, we must relate these to the total scattering coexcient®,. From equation 4.9 we see

S = = £ 100
lo
Combining this with equation 4.2 we nd
Sf ®sf 11 g ®d¢
100 ®

Similarly for backwards scattering,
Sp _ By o aa®

— 1
100 ®
so that the total scattering, S = S; + S, is then given by
S  ®&i Caq®
— = 271 & ®d 4.1
100 ® i € (4.13)
Combining equations 4.12 and 4.13 to eliminat& we nd
. 1 . |l
@i @ 1i €% 'Sy S, @+®' 1i €% 'Sy S
® e®@d; @@ 7100' 100 @ 16 @+®)d 100" 100
®s i ®d
= 1i € 4.14
& (4.14)

Since®, = ® | ® this equation has only one unknown®,) and can be solved $¢, Smp,
Seaf » Seeb, & and d are all measurable). This must be done numerically, siné@® appears
non-trivially on both sides.
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Figure 4.3 : Total attenuation and scattering coezcients for a 0:0025% (by weight) solution of
synthetic eumelanin.

4.5 Results and discussion

Figure 4.3 shows the absorption coezcient for a:0025% (by weight) solution of syn-
thetic eumelanin over the visible and UV range. It is typicallybroadband, and in ex-
cellent qualitative agreement with previously published absption spectra of eumelanins
[17, 47, 54, 161, 165, 171{173]. The measured scattering coettifor the same solution
is also shown, as a function of wavelength between 210 nm and 3#b (calculated using
equation 4.14). For wavelengths longer than 325 nm the scatiley coexcient was less than
the minimum sensitivity of the instrument. We expect that scatteing will decrease at longer
wavelengths; Rayleigh scattering, for particles with radii saler than » 50 nm has a, i 4
dependence, and Mie scattering, for larger particles (comadle to the wavelength of the
light), is less strongly dependant upon wavelength. It is thexfore reasonable to assume that
the scattering coezxcient is less than the measured values overetlwhole visible range.

The percentage of the total attenuation due to scattering@=® £ 100) was calculated
as a function of wavelength, and is plotted in gure 4.4. It carbe shown that the ratio of
the coezcients is equivalent to the ratio of the intensities

. s (4.15)

® Istla

wherel , is the intensity of light lost due to absorption andl s is the intensity of light lost due
to scattering. Hence this quantity gives the percentage of thiest intensity that is due to
scattering. It can be seen from gure 4.4 that scattering contribtes less than 6% of the total
loss at all wavelengths within the measured range. This meankat measured absorption
spectra (total loss spectra) of eumelanin can be assumed to be panity due to actual
absorption, and used for interpretation of spectroscopic dataithiout further manipulation.
This allows accurate determination of important quantities such as the radiative quantum
yield of eumelanin [47]. This percentage is less than that mmaed by Vitkin et al. (12%
at 580nm and 135% at 633nm) and possibly indicates less aggregation in our matiute
solutions [124].
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Figure 4.4 : The scattering coezcient (as plotted in gure 4.3) as a percenage of the total
attenuation coezcient for the same solution. We see that evenover this short wavelength range
where scattering should be most signi cant, it contributes less than 6% of the total attenuation.

4.5.1 Prediction of scattering coezxcient

The scattering coezcient appears to exhibit a strong dependapcipon the wavelength ('gure
4.5) which is suggestive of Rayleigh scattering, rather than Miscattering (Mie scattering
intensity exhibits only a weak dependence on wavelength foiagicle sizes comparable to
the wavelength of the light). Let us therefore determine whber the measured scattering
coezcient is consistent with Rayleigh scattering alone (no Mie attering). As shown by
Jackson [174], in the Rayligh limit (particles much smaller tan the wavelength of the incident
light), the scattering coexcient (®) for dielectric spheres of radius with dielectric constant
2 in a vacuum is given by - -

_ 128ANa®2; 12

® = 3 4 249

5

where, is the wavelength of the illuminating light andN is the number of spheres per unit
volume. This calculation can be repeated with the spheres insmlvent of dielectric constant
24 to show that the scattering coexcient is then given by

_ 1284 Na®—2j 2, =
-3 A 2422

(4.16)

Hence, knowing the way that the scattering coexcient depends op the wavelength, we can
estimate the size of the particles giving rise to scattering. Unfiunately, it is nontrivial to
apply this to eumelanin, since the structure of the fundamentgarticles is unknown. This
makes determining the number of particles per unit volume elenging. Nevertheless, we
can make some assumptions about the structure to determine an estite of the particle
size.

In the absence of a better structural model, it is a fair assumptio that eumelanin
monomers form globular particles (approximately spherical The volume of each parti-
cle will be equal to the number of monomers per particleng) multiplied by the “volume of
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Figure 4.5 : The eumelanin scattering coezcient, with the predicted Rayleigh scattering co-
excient (from Eqg. (4.17)). The best 't (plotted above) was obta ined with a particle radius of
38nm.

a single monomer' ¥,) which can be estimated to be 2 £ 10 ?8m3 [128, 136, 145]. Hence

_4,31

Np = 3 /4§W
The molecular weight of a dihydroxyindole monomer is 149g/al. The molecular weight of
an aggregate will therefore be 148g/mol. Let C be the concentration of our solution in
weight percent, such thatC = 2:5£ 10 ° for a solution that is 0:0025% eumelanin by weight.
Taking the density of the solvent (water) to be f=cn?, 1cm?® of solution will contain C grams
of eumelanin, orC<149%M,) moles of eumelanin aggregates. The number of aggregates per
cm? of solution will then be given by

NAC

14,

3NACVy,
596/a

whereN, = 6:02214£ 107 is Avogadros number. Applying this to Eq. (4.16) we nd

N =

32 ad :Zi 25__2
= —— 1 - = > —

(4.17)
The dielectric constant for eumelanin {) has been measured to b&. 2:72 at optical fre-
guencies (633nm) [175, 176]. The dielectric constant for veait(2s) is known to be % 1:81

at optical frequencies [177, 178]V,, has been estimated to be:2 £ 10 ?®m3, as discussed
above. Knowing these parameters we can t the scattering coezcievs wavelength curve
by varying the particle size,a. Although we have used several very rough assumptions about
the structure of eumelanin, the particle radius is to the thid power in the equation for the
scattering coexcient. The scattering is therefore strongly degndant upon the particle size
and it can be determined somewhat accurately from a measuremen scattering.
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This was done over the range 210 nm to 325 nm where accurate seang data was
available, as shown in "gure 4.5. The best t was found for a partie radius of 388 1 nm.
The good t of the data to Rayleigh scattering theory suggests thave are in fact measuring
scattering, and not another phenomemon (instrumental or othevise). This particle size is
larger than that predicted by Cheng et al. [136, 145]. Largeparticles were measured by
Vitkin et al., who report a particle size distribution for a similar sample preparation that
has most particles with radii in the range 10-70nm [124].

We caution that this analysis assumes a monodisperse particle siaesolution, which is
likey to not be the case. If a distribution of particle sizes arerpsent then the measurecy
will be proportional to the integrated particle size distribuion (f (a)) multiplied by particle
size to the third power: Z,

as | % f (a)a’da (4.18)
5 0
Note that this expression is heavily weighted towards larger piicles because of the3. This
means that the mean particle size in our solution is in fact smait than 38 nm, and may
be consistent with that predicted by Cheng et al [136, 145]. Rlaér than being a mean
particle size, this value should be interpreted as an upper bod for the mean particle size
in our solution. Due to the integration we are unfortunately mable to extract a particle size
distribution via this method, but alternative techniques sub as dynamic light scattering may
have this capability for this system (this is recommended as aawvenue of future research).

It is not clear how thesein vitro particle sizes relate to thosen vivo. Biologically,
eumelanin is synthesised in cellular organelles called melanmes whose size and shape
varies widely depending upon the species and where the cellosated in the organism. The
ultrastructure of these melanosomes also varies widely, and ey poorly characterised [179].
The structure will also be heavily in°uenced by the protein to with eumelanin is strongly
bound in vivo. By studying synthetic eumelanin samples (protein free, and nsth simpler
than the complete biological system) we aim to understand the haviour and structure of
the fundamental eumelanin particles. This will hopefully she light on the ultrastructure of
melanosomes and therefore their biological functionality.

Melanosomes can be quite large (2 -13n) and therefore could be expected to scatter light
strongly (as will tissue generally, being a complex collectiasf organelles of varying sizes). It
has been questioned whether this scattering could potentialtontribute to photoprotection,
or whether eumelanin absorption is solely responsible. If the tber layer of skin were highly
scattering this would shield inner cells in an identical manmeto an absorbing layer of the
same optical density. In light of these results, however, we baleethat eumelanin functions
primarily by absorbing light and dissipating it non-radiatively, rather than scattering the
incident radiation.

4.6 Chapter conclusions

The integrated scattering of a eumelanin solution was measures a function of incident
wavelength, and found to contribute less than 6% of the optitalensity between 210nm
and 325nm. This means that eumelanin absorption spectra can lrgerpreted as actual
absorption with a high degree of con dence, and allows the calation of many other optical
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spectroscopic quantities, such as the radiative quantum yieldyithout direct subtraction
of scattering [47]. Hence, as long as eumelanin spectroscopiaitsmhs are appropriately
prepared and well solubilised, scattering is not a concern. Thgcattering coexcient vs
wavelength was found to t Rayleigh Theory with a particle radus of 388 1nm, which forms
an upper bound on the mean patrticle size in our solution. This larger than the fundamental
particle sizes previously reported from X-ray scattering and raroscopy studies [128, 136,
145], and is therefore consistent. Knowing the physical struatel of eumelanin particles
is essential for interpretation of spectroscopic results, and trefore for understanding the
de-excitation pathways in eumelanin and its biological furtionality.



The dipole strength of eumelanin

5.1 Chapter abstract

We report the transition dipole strength of eumelanin in the ufa-violet and visible. We have
used both theoretical (density functional) and experimentainethods to show that eumelanin
is not an unusually strong absorber amongst organic chromophereThis is somewhat sur-
prising given its role as a photoprotectant, and suggests thahé dark colouringin vivo

(and in vitro ) of the eumelanin pigment is a concentration e®ect. Furtherone, by observing
the polymerisation of a principle precursor (5,6-dihydroxyidole-2-carboxylic acid) into the
full pigment, we observe that eumelanin exhibits a small amou» 20%) of hyperchromism
(i.e. the reaction process enhances the light absorption abyjlof the resultant macromolecule
relative to its monomeric precursor). These results have signaat implications for our un-

derstanding of the photophysics of these important functiondbiomolecules. In particular,
they appear to be consistent with the chemical disorder model elimelanins.

5.2 Chapter introduction

The work described in this chapter is motivated by a desire to pbe the chemical disorder
hypothesis and speci cally investigate whether eumelanin as agment has an unusually
high absorbance (relative to other organic and bio-organichlomophores) in the UV and
visible. To the rst order, if eumelanin was merely a disorderednsemble of chemically
distinct macromolecules, one would expect the \system" to possess iategrated transition
dipole moment similar to that of the sum of its individual parts. To this end, we have
measured the extinction coexcients for a number of species, nadgesynthetic eumelanin,
DHICA (as a monomer and during its polymerization to eumelami), tyrosine and °uorescein
(a strongly °uorescent, well characterised dye, used here as a €ard for comparison).
Chemical structures of these molecules are shown in gure 5.1.0R1 these spectra we have

59
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Figure 5.1 : The chemical structures of molecules relevant to this stug. DHI and DHICA are
the basic monomeric building blocks of the eumelanin macromlecule, whereas tyrosine is an earlier
precursor. Fluorescein is a commonly used organic dye and gatum yield standard.

extracted dipole strengths, transition dipole moments and ogdlator strengths. In addition,
we have measured °uorescence spectra for tyrosine, °uorescein amehelanin and used these
to determine radiative rates and lifetimes. These have beenmpared to literature values for
veri cation of our methods. For a nal comparison, transition enggies and dipole strengths
of these compounds have been predicted from rst principles véensity functional theory.

5.3 Theory

The dipole strength of an electronic transition D, in units of C?m?) can be determined from
an experimentally measured absorption spectrum via the follomg expression [180, 181]

Z
D = 320~C 2(0)
a 1/4|\k ¢o °

de (5.1)

where all constants are in Sl units2(°) is the extinction coexcient expressed in fmoli * (as
de ned in equation 2.5, ¢° is the frequency range over which the transition occurs anmtis
the average refractive index of the solvent in a region of spaasund the chromophore of the
order of an optical wavelength (we approximate this here byhe refractive index of the bulk
solvent). This calculation assumes that you can clearly iderfiti and integrate over a single
electronic transition (which is not always possible in an expenental spectrum). Note that
1 m?moli 1 =10 L moli  cmi 1. D may be converted to the commonly used units of debye
via 1 debye = 1:1127£ 10 °°C?m2. From the dipole strength one may then determine the
magnitude of the transition dipole moment! ; = elyjj+jii between two stategii and jji,

D = jlijjz: (52)
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Note that for clarity we have supressed the subscripisand j on D and other parameters
where they are understood. We can also determine the dimensiess oscillator strengthf ,

Mayme!

= 3e2~

D (5.3)

where e and m, are the charge and mass of an electron respectivelyis the frequency of
the transition, and all values are in Sl units (includingD in C2m?).

5.3.1 Radiative rates

The radiative rate of a material in a medium of index is given by the Strickler-Berg relation
[180],
A= 1 64v4ntPi 3 1D
423 3hc®

where all quantities are in Sl units (includingD in C?m?). A is the radiative rate in § * and
the angular brackets indicate an average weighted by the ession spectrum

(5.4)

R
f(9)do

i3iil—
eIt = 0i3f(0)d0

(5.5)

wheref (°) is the emission spectrumA is also known as the Einstein coexcient of sponta-
neous emission [181]. The lifetime of the excited statg)(is then given by

©
;= — 5.6
(= & (5.6)
where © is the radiative quantum yield (the ratio of photons mitted to photons absorbed

by a material) [182].

5.3.2 The e®ect of the solvent

The dipole strength of a chromophore in solution may be changdm the intrinsic dipole
strength of the isolated chromophore (gas phase). To a good appimation, although dif-
ferent solvents will change the position and width of the absotion peaks (and hence the
extinction coezxcient), in the absence of speci ¢ solute-solvemteractions (such as hydrogen
bonding or conformational changes) the change in dipole strgth of the chromophore in solu-
tion depends only on the solvent refractive index [183, 184This result can be obtained from
\reaction eld" type models [185], modelling the solvent as adth of harmonic oscillators, for
which sum rules can be obtained [186]. The dipole strengths aloied experimentally in this
chapter are therefore expected to di®er from those of an isoldtenolecule, as calculated by
NRLMOL®. Corrections may be possible through a reaction “eld type caltation [183, 187].

INRLMOL is the Naval Research Laboratory molecular orbital library, a piece of software designed to
perform density functional theory calculations on isolated molecules. Our use of thigprogram is explained
more fully in section 5.4.4
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5.4 Experimental

5.4.1 Sample preparation
Eumelanin

A eumelanin stock solution was prepared in a manner identicab tthat described in section
4.3.1. This stock solution was diluted to concentrations (by gight) of 0:001%, 00025%
and 0:005%. The dipole strength was determined for each solution &measurement of the
absorption spectrum, as described below) over the frequencynge indicated in table 5.1
and averaged to give the reported value.

DHICA

DHICA was synthesised as reported by Traret al. [76]. It was solubilised in pH 9 NaOH
at a 2 mM concentration. The absorbance was measured and scalesthg a published value
for the extinction coezcient at the 316 nm peak [188]. The oxative polymerisation of this
solution was monitored by the extraction of aliquots at 0, 0.51, 2, 4, 8, 12, 24, 51 and 74
hrs. For a more complete experimental method see reference][76

Tyrosine

D-Tyrosine (99%, batch 14424MA) was purchased from Aldrich and lsblised in 1M HCI
to a concentration (by weight) of 0.0025%.

Fluorescein

Fluorescein is known to have various forms, but at the pH used irhis study it exists in
the dianionic form as shown in gure 5.1 [189]. Fluorescein (Alah, F2456-100G, Batch
09014PA, Dye content ca. 95%) was solubilized in 0.1M NaOH soloi and diluted to give 5
solutions of varying concentration (£ 10 5% to 5£ 10 5% by weight). The dipole strength
was determined for each solution over the frequency range ioated in table 5.1 and averaged
to give the reported value.

5.4.2 Steady state spectroscopy

Absorbance spectra were measured in a manner identical to thatsieibed in section 4.3.2.
Emission spectra were measured as described in chaptér 6

5.4.3 Time resolved °uorescence

The excited state lifetimes were measured as follows. The samypies excited with a Tsunami
titanium sapphire laser (Spectra-Physics Lasers Inc, Model 396-X3BB) tuned to 780 nm,
with a pulse length of 73 fs and power output of 7.50 W. A frequey doubling crystal was

2These emission spectra are discussed in more detail later in chapter 6, so we \leathe experimental
method with the complete discussion
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used to produce a beam of 390 nm. A pulse picker on a 1/10 ratio gaan 8 MHz pulse
train with an extinction ratio of approximately 400. The resdting beam was passed through
a 390 nm bandpass lter, then used to excite the eumelanin soluticcontained within a

guartz cuvette. The cuvette was measured inside the enclosedvetie holder (PicoQuant

GmbH Rudower Chausse 29, Fluotime 200) with inbuilt detectiosystem (ScienceTech Inc
Model no. 9030DS). Emission was detected at 475 nm with excitatn and emission slits
both 2 mm, the iris fully open to give the maximum signal leveland an acquisition time

of 1000 s. A blank solution (solvent only) was measured for backgmd subtraction. An

instrument response function (IRF) was measured from a Ludox stdard scattering solution

at the incident wavelength (390 nm) with settings that produed a maximum intensity

approximately equal to that of the eumelanin data (excitatbn and emission slits: 2 mm,
acquisition time: 1 s, iris fully closed to prevent detector satation). Data was deconvolved
via an iterative reconvolution process using the multiexpomgial °uorescence decay tting

software "PicoQuant FluoFit'.

5.4.4 Density functional theory calculation details

First principles density functional theory calculations wee performed using the Naval Re-
search Laboratory molecular orbital library (NRLMOL) [190{197]. NRLMOL performs mas-
sively parallel electronic structure calculation using gaussiaorbital methods. We fully re-
laxed the geometry with no symmetry constraints using the Perde Burke and Ernzerhof
(PBE) [198] exchange correlation functional, which is a gemalized gradient approximation
(GGA) containing no free parameters.

Minimum energy structures were calculated for DHICA, tyrosine iad °uorescein (chem-
ical structures shown in gure 5.1). We then calculated the stregth of each absorption line
as the sum over all states of both levels [199] (recal} = ehjjtjii).

Sij = Sji = 1ij :1ij (57)

This quantity can be related to the radiative rate A (the Einstein coezcient) via

64v403 2:02£ 10%®
Aig = 3 g Si T — S

5

(5.8)

where no summation over repeated indicies is implied. In the ah expression °is measured
in Angstroms and Sj? is in atomic units [199]. The degeneracy; is treated explicitly by
NRLMOL. The radiative rate A can be related to the dipole strength via equation 5.4 to
give the following expression for the dipole strength

Dj = 6:4385) (5.9)
where D is in debyé and Sis in atomic units. The dipole strengths of all transitions with

energies in the experimental frequency ranges (see table)wére summed to give the dipole
strength values given in table 5.2.
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Figure 5.2 : The extinction coezcients of synthetic eumelanin (solid), DHICA (dot-dash) tyro-
sine (dotted) and °uorescein (dashed). The inset shows DHICAeumelanin and tyrosine data with
a di®erent vertical scale (not visible on full plot due to the ader of magnitude greater extinction
coezxcient of “uorescein compared to the other samples). For emelanin, the extinction coezcient
is expressedoer monomer. Note the unusual broadband shape of the eumelanin spectruras com-
pared with the peaked spectra of the other organic molecules These spectra are in qualitative
and quantitative agreement with those in literature [200{203]. The much greater magnitude of the
°uorescein extinction coexcient is re°ected in its much larger dipole strength (see Table 5.1).

5.5 Results and discussion

5.5.1 Extinction coezxcients

Figure 5.2 compares the measured extinction coezcients forrtysine, eumelanin, °uores-
cein and DHICA as determined experimentally according to egtion 2.5. The extinction
coezxcients for all compounds are in good agreement with litature values [200{203], both
gualitatively and quantitatively. The extinction coexcient of eumelanin is reported herger
monomer, where the molar weight of a monomer is taken to be the averag®lar weight of
DHI and DHICA (171g mol 1), since we assume that our sample consists of an even mixture
of these monomers [41, 99, 204]. For such a macromolecule, thighe most meaningful way
to express the extinction coezcient. Note the broadband shape tie eumelanin spectrum
compared with the more typical peaked spectra of the other aagic chromophores. Knowing
that our measured extinction coexcients are in good agreememtith previously published
values, we can now determine other parameters from this datattvcon dence.

5.5.2 Experimentally measured transition dipole strength S

Dipole strengths, transition dipole moments and oscillator stregths for each of these com-
pounds were determined from the measured extinction coexcismaccording to Egs. (5.1),
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D 1 f ¢o
(debye?) | (debye) | (dimensionless)| (10 Hz)
Tyrosine 1:6 1:3 [1.04]| 0:027 [0.019] | 0.3751t0 1.2
Eumelanin | 37N 6:1 N 0:53N 0.5t0 1.2
DHICA 31 5:6 0:46 05t01.2
Fluorescein 140 12 [7.0] 1:3 [0.46] 0.5t0 0.75

Table 5.1: Absorption parameters as de ned in the theory secticextracted from extinction
coezcients in gure 5.2 O: dipole strength, 1: transition dipole moment, f: oscillator
strength). These are typically determined for a particular pak or transition, but this is not
possible for a broadband spectrum such as that for eumelanin, flenthe frequency ranges
over which the integrations of experimental data were penfmed to determine the dipole
strength and other parameters are as listed (¢). Data in brackets are from reference [202]
over the same frequency range for comparison. Discrepanciesveen these results and those
found in literature may be attributed to di®erence in solventgwhich can a®ect the dipole
strength via second order e®ects) and uncertainty in concentramh. Since the primary and
secondary structure of eumelanin is unknown it is necessary totedamine these parameters
in terms of N, the average number of monomers per oligomer (as describedthe text).
The dipole strength per monomer of eumelanin (37) is comparabto that of DHICA (31),
much larger than that of tyrosine (1.6), and much smaller than hat of °uorescein (140).
This suggests that eumelanin is not an exceptionally strong alrb@r as might have been
assumed due to its photoprotective biological role.

(5.2) and (5.3), and are shown in table 5.1. For eumelanin theverage molar weight is taken
to be the average number of monomers per oligomeX J, multiplied by the average molar
weight of the two forms of eumelanin precursor (171g mdi). The extinction coe+cient and
other parameters discussed in section 5.3 then become functiafdN, and are expressed as
such in tables 5.1 and 5.4. Values in brackets for tyrosine and Stescein are from reference
[202] for comparison. Our results are consistent with literater values; discrepancies can be
attributed to di®erences in solvent (which may a®ect the dipolstrength via second order
e®ects). Refer to section 5.3.2 for more details.

Note that the parameters shown in table 5.1 are usually calculkedl over a particular single
transition, whereas for eumelanin this is unachievable due tthe broadband shape of the
absorption spectrum. For typical compounds, the extinction aatcient is small outside of
a clear peak, and hence increasing the integration range wilbt greatly a®ect the estimate
of the dipole strength. For eumelanin, however, there is noedr peak, so increasing the
integration range (particularly towards the UV) will increase the estimate of the dipole
strength. We have chosen the relevant integration range 250 nta 800 nm, which gives
an order of magnitude estimate of the dipole strength in a crital range from a functional
perspective. DHICA was integrated over the same range as eummeiaso that a direct
comparison is possible. Tyrosine and °uorescein exhibit clear aaso that the integration
range is not particularly important.

Transition dipole moments and oscillator strengths have also be included in table
5.1 since these are other commonly used measures of the same paemeNote that if
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eumelanin forms large polymer structures this would make theumber of monomers per
oligomer (N) very large, and hence the dipole strength very large. This dsnot mean,

however, that the polymerisation process enhances the absagpt of a solution of eumelanin
relative to its precursors, since, as the polymerisation procesescurs, the total number of
species in the solution decreases. This means that, although ttigole strength increases,
the concentration decreases in such a way that the optical detysof the solution may stay

approximately constant.

In summary, the dipole strength per monomer of eumelanin ovehé UV/visible range
was determined to be approximately 40 debygtable 5.1). This is greater than the dipole
strength of tyrosine (1.6 debyé), comparable to that of DHICA (31 debye), and less than
that for °uorescein (140 debyé). These results are consistent with the predictions of the
chemical disorder model, and suggest that eumelanin is neithan exceptionally strong ab-
sorber (as one might expect due to its biological role as a plopirotectant), nor exceptionally
weak.

5.5.3 Transition dipole strengths from density functional t heory

First principles quantum chemistry calculations are routink used as a standard tool for
assessing such properties of materials as optical and electripatameters, electronegativity,
hardness, softness, molecular energetics and other propertigé5]. Here we use density
functional theory (DFT) to assess whether our experimentally eiermined optical parameters
are in agreement with quantum chemical models for these systeniis provides important
validation of our experimental results, and a benchmark for fther use of DFT in studies
of this nature.

The transition dipole strengths and energy gaps (listed as fragncies) of the structurally
well characterised molecules examined here were calculatisthg DFT, and are listed in table
5.2. More than one transition was predicted to lie within the ¥perimental frequency ranges,
most of which had negligible dipole strengths. Hence only thosedulicted to have substantial
magnitude are listed. The fourth column lists the main transitons that are predicted to
make substantial contributions to the dipole strength. Note thafor tyrosine the HOMO to
LUMO transition has negligible intensity (and hence is not listd), whereas that transition
dominates the dipole strengths of DHICA and °uorescein. Similgr, for both DHICA and
°uorescein the HOMO-1 to LUMO transition makes the next most intenseontribution to
the dipole strength, and is located close in energy to the HOMO tbUMO transition. For
tyrosine, however, all higher energy transitions with substardl intensity were far removed
from the initial peak, occurring at much higher energies andlose to the upper bounds
of the experimental frequency range. With the known tendarycof DFT to underestimate
energy gaps (as discussed below), we believe that these highesrgy transitions were not
related to the experimentally measured extinction coexcienpeaks, and hence have not been
considered in this analysis. It is curious that tyrosine di®ers qlitatively from DHICA and
°uorescein; we believe this is an interesting topic for furtheinvestigation.

The electron densities calculated by DFT of the important macular orbitals for these
molecules are shown in gure 5.3. For DHICA and °uorescein the HOMQotLUMO and
HOMO-1 to LUMO transitions are those predicted to make signi cant ontributions to the
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| | Dpet (debye?) | © (10" Hz) | Transition |
Tyrosine 11 0.987 HOMO to LUMO+1
DHICA 49 0.691 HOMO to LUMO
10 0.743 HOMO-1 to LUMO
Fluorescein 90 0.454 HOMO to LUMO
9:2 0.500 HOMO-1 to LUMO

Table 5.2: The transition dipole strengths (rt ) and frequencies {) for tyrosine, DHICA
and °uorescein predicted by DFT. Only the most prominent transiions (those with signif-
icant magnitude) in the experimental ranges used in this studgre listed. HOMO-LUMO
gap for DHICA has been previously reported [77].

dipole strength. It is clear that the electron densities of e&cof these three important
molecular orbitals for DHICA and °uorescein have nodes in the ahe of the molecule, and
therefore can be attributed toYsorbitals. This suggests that both of these transitions are
Yai Y2, as would be expected for transitions at these energies for angc molecules of this
type. It is interesting to note that while DHICA has a relatively even electron distribution
in all states shown, °uorescein shows a signi cant movement of elem density from one
part of the molecule to the other in both the HOMO to LUMO and HOMO- to LUMO
transitions.

The electron densities for tyrosine are more dixcult to interpet because this molecule
has a non-planar section. All three molecular orbitals appedo have Ycharacter, however,
indicating that the HOMO to LUMO+1 transition (the only transiti on of experimental
relevance with signi cant intensity) is also a%ij ¥Z transition. Interestingly, both the
HOMO and LUMO+1 appear to have the electron density localised Igtey on the aromatic
group, whereas the LUMO (not involved in any signi cant transitons) has electron density
localised on the non-aromatic tail group.

Transition dipole strengths and frequencies for each of theseolacules calculated from
DFT are shown in table 5.3, compared with those determined frotne experimentally mea-
sured extinction coezcient for these molecules. It can be seen thaBE-DFT consistently
underestimates the energy gap by 10j 30%, as is typically observed [206]. Due to broad-
ening of experimental data we must choose an integration range achieve a quantitative
comparison of these DFT predicted dipole strengths to experime Since there were multi-
ple transitions predicted for the energy ranges used experimally, the dipole strengths of
all transitions in the range for DHICA and °uorescein were summedotgive the value for
comparision to experiment, as shown in table 5.3. For tyrosinéje positioning of the DFT
predicted peaks suggested that only the HOMO to LUMO+1 transitiorshould be compared
to the experimental data (as discussed above).
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HOMO LUMO LUMO+1

(a) Tyrosine

LUMO HOMO-1
(b) DHICA

HOMO LUMO HOMO-1
(c) Fluorescein

Figure 5.3 : Electron densities of important molecular orbitals as catulated by NRLMOL.
The HOMO to LUMO+1 transition is predicted to be that with sub stantial oscillator strength
for tyrosine as shown in table 5.2; the tyrosine LUMO is also kown for comparison to DHICA
and °uorescein. The HOMO to LUMO and HOMO-1 to LUMO transitions are predicted to be
those with substantial oscillator strengths for °uoresceinand DHICA, as shown in table 5.2. Red:
oxygen, blue: nitrogen, green: carbon, white: hydrogen.



Experiment

DFT

Dexp (deby€) | °4, (10" Hz) | ¢ ©¢,, (10" Hz)

Dorr (debye) ‘ °a (10" Hz) ‘

Transitions used for Dyt

Tyrosine 1:6 1:09 0.38t0 1.2 11 0.987 ° =0:987, HOMO to LUMO+1
DHICA 31 0:949 0.50to0 1.2 66 0.691 Total in experimental range
Fluorescein 140 0:611 0.44 t0 0.75 112 0.454 Total in experimental range

Table 5.3: Dipole strengths,D, calculated using density functional theory (in vacuum, Bt ) compared with experiment
(in solution, Deyp). ¢ %exp are the frequency ranges over which the integrations of thexgerimental data were performed to
determine the dipole strength. These ranges were also used to sum DFT peaks for DHICA and °uorescein to obtain the
values listed, whereas for tyrosine only the lowest energy DFTepk was considered to contribute, since it appears that the
higher energy peaks in the DFT are not seen in the experimentgppectrum (the transitions that were used for the calculation
of the DFT dipole strengths are as shown in the nal column). Esseiatl trends are reproduced by the DFT results, although
we do not achieve quantitative agreement as well as expectethe frequency where the main peak occurs experimentally,(,
experimental) can be compared to the frequencies for the maDFT predicted transitions (°,,, DFT); as has been previously
observed DFT consistently underestimates the magnitude of thenergy gap but reproduces trends correctly [206].

uoISSNJSIp pue S)nsay GG

69



70 The dipole strength of eumelanin

We emphasise that DFT is a theory of the ground state, however itat reproduce trends
in excited state behaviour (including transition energies ahdipole strengths) [207, 208]. It
is clear from table 5.3 that although DFT does not give stronguwpntitative agreement with
the dipole strengths measured experimentally (particularlyor tyrosine), it does reproduce
the experimentally observed trends, giving the smallest dipolstrength for tyrosine, and
the largest for °uorescein. This shows that DFT is an appropriatéool for qualitatively
modelling eumelanin and similar systems. The ability of DFT to rneroduce the trends in
the dipole strength also lends weight to our experimental redsl

It is somewhat curious that better quantitative agreement iswot observed between DFT
results and experiment. As exempli ed in reference [209] andeeences within that paper, it
is well accepted that DFT delivers very accurate molecularglarizabilities (certainly better
than 10%). The polarizability of a molecule depends quadraglly upon the same dipole
matrix elements that appear in the expression for absorptivitequation 5.8) which also
depends quadratically upon these elements. Therefore dewat between theoretical and
experimental trends in table 5.3, particularily tyrosine, nust be viewed as inexplicably large
in comparison to 10 30% deviations in energy gaps observed for these molecules an8%
deviations in screened polarizabilities.

A number of theoretical techniques could provide more accate values of the dipole
strength. Time dependant DFT (TDDFT) has been shown to be e®eeo® for predicting
excited state properties such as transition energies and oglcabsorption spectra [210].
Further, Yabana and Bertsch have shown that TDDFT reproducesigole strengths ofv4 Y2
transitions for conjugated carbon molecules with a typical @uracy of» 20% [211]. The
fact that TDDFT only reproduces dipole strengths in%j % transitions for conjugated
carbon molecules to 20% is indeed interesting given that a tgr body of results shows that
DFT-based static polarizabilities lead to better agreementhan this. It is also interesting to
note in this context that Olsen et al. [50] have recently calculated the oscillator strengths
for several oxidised forms of DHICA using state averaged completetive space calculations
[SA3-CAS(4,3)] and multireference perturbation theory (MRH2). These methods should
be expected to provide higher accuracy than either DFT or TDBT. However, Olsenet al.
“nd oscillator strengths at least as large as the DFT results repted above for DHICA. This
suggests that the disagreement between theory and experimenaymot be soley due to the
limitations of DFT. Understanding the origin of this deviation should be a future e®ort.

5.5.4 Prediction of radiative rates and lifetimes

Radiative rates and lifetimes were determined for eumelanityrosine and °uorescein using
previously measured emission spectra and quantum yield value3,[482, 202] in addition to
the extinction coezcients reported here, as outlined in thehteory section. These are shown
in table 5.4. The radiative quantum yield of eumelanin is knen to vary with excitation
wavelength [47] (this is an unusual property for an organic cbomophore [212]). For calcula-
tions here, the value at, ¢, = 380 nm has been used (wherg., is the excitation wavelength).
A and ¢, for uorescein agree well with literature values which lendgedibility to our values
for eumelanin. Similarly, the lifetime predicted for tyrosne is consistent with the reported
literature value.



. ex (NM) A (ns ) © ¢
(these results)\ (literature) (literature) (these results)\ (literature)
Eumelanin 380 0:13N - (6:428 0:3)£10 *[47]| 49Ni! ps 85 ps [47]
Fluorescein 490 0:38 0.221 [182] 0:928 0:02 [182] 2.4ns 4.2ns [182]
Tyrosine 274 0.0082 - 0.13 [200] 16ns 3.4ns [200, 213

Table 5.4: Radiative rates A) and lifetimes (¢) calculated from emission and absorption spectra of eumelanityrosine and
cuorescein. , ¢ Is the excitation wavelength, © is the radiative quantum yikel. The extinction coexcient and °uorescence
spectra for tyrosine used for these calculations are from refape [202]. The directly measured lifetimes agree to within an
order of magnitude with those determined from the extinctiorcoexcients, which is good considering that many parameters
(such as the absorption coexcient, radiative quantum yield anthe solution concentration), each with their own uncertainies,
enter into determining this value. Also, we have used a rst orderrieory that does not take higher order e®ects into account.

Therefore, we are satis ed with this level of agreement with krature.
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| Lifetime (ns) | Relative Amplitude |

0:085 51%
0.93 27%
3.5 17%
9.8 5.2%

Table 5.5: Multi-exponential t parameters for the experimatally measured °uorescence
excitation decay of eumelanin. The predominant excited statlifetime (85 ps) is relatively

short, and may be shorter (this time is of the order of the instrurant response function).
The consistency between these measured lifetimes and that deténed from the absorption

and emission spectra is consistent with the broadband absorptionesgrum being electronic
in origin.

For a further comparison of the parameters determined from #hextinction coezxcient,
the excited state lifetime of eumelanin was measured directlyThe decay was found to
be multiexponential, with lifetimes and relative amplitudes as shown in table 5.5. The
predominant lifetime is the shortest: 85 ps. This is of the ordesf the instrument response,
such that the actual predominant lifetime may be much shorterThese results are consistent
with those reported by Forest [121] (predominant radiative fetime of 59 ps at 420 nm).
Note that this value is also likely to be an overestimate of the tre radiative lifetime of
eumelanin. Hence, we conclude that the excited state lifetinod eumelanin determined from
the absorption and emission spectra is consistent with the diregtineasured lifetime. This
agreement indicates that the absorption spectrum of eumelanis genuinely electronic in
origin, and not a result of scattering or some other non-electnac phenomenon (in agreement
with our results in chapter 4).

The successful prediction of the lifetimes and radiative ratdsr eumelanin and the other
compounds studied here indicates that the dipole strengths @emined from this same data
are reliable.

5.5.5 Time evolution of DHICA into eumelanin

So far we have considered the equilibrium properties of euraein and DHICA. It is now
instructive to consider how these spectroscopic properties clggnin the reaction process
as DHICA evolves to form eumelanin. DHICA was allowed to reactral the absorbance
monitored at intervals. The extinction coezxcient as it evolvs over time is shown in gure
5.4. The shape of the DHICA spectrum (measured at the initial timels in good agreement
with published spectra [188, 214], and, as it reacts, it shifts wards the eumelanin spectrum
(both in shape and magnitude), as would be expected. Note thahé extinction coexcient
is plotted per monomey since this is a more meaningful parameter for a macromoleetuthan
the absolute extinction coezcient.

The dipole strength per monomer was determined at each time ipg and is plotted
in gure 5.5 for di®erent choices of UV cut-o® frequency. Note thalthough the absolute
magnitude of the eumelanin dipole strength is a®ected by theale of integration range, the
relative change in dipole strength over the course of the reamh is more robust. The dipole
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Figure 5.4 : The extinction coexcient per monomer of DHICA as it undergoes oxidative poly-
merisation to form eumelanin. The initially peaked DHICA spectrum gradually shifts towards
the broadband eumelanin spectrum, but does not change subantially in integration area. Dipole
stengths determined from this data are shown in Fig. 5.5.

strength per monomer increases by approximately 20% over thewrse of the reaction (the

increase is between between 12% and 26% for the UV cut-o® fratues we have considered).
The dipole strength tends towards the value measured for euraain, as would be expected
(when the same UV cut-o® frequency is used for both).

This data indicates that eumelanin exhibits hyperchromismthe reaction process en-
hances absorption such that, after the reaction, the dipole gtngth of an oligomer is greater
than the sum of the dipole strengths of the constituent monomerfor a discussion of
hypochromism in biological molecules see reference [95]). eThbserved hyperchromism of
eumelanin is interesting; bio-polymers often exhibihypochromism (decreasein UV/visible
dipole strength per monomer upon polymerisation) of a similar agnitude to the hyper-
chromism we observe for eumelanin (5% to 10% for polystyrene $2216], 19% to 25% for
poly(N-vinylcarbazole) [217] and 40% for DNA [95]). The hypdwomism in these molecules
is thought to be related to the formation of¥sstacking interactions, which reduce the os-
cillator strength due to the parallel and adjacent arrangem# of transition dipoles of the
neighbouring molecules [218{221]. Hyperchromism, on the athhand, can occur when the
dipoles of neighbouring molecules are arranged along the saxis and one behind the other.
The hyperchromism observed for eumelanin might therefore beie to the edgewise associa-
tion of DHICA molecules, forming planar oligomers. A slight hypchromism is also observed
at later times, which may suggest subsequent:stacking of planar oligomers. We wish to
emphasise, however, that the magnitude of the observed hyperaimism (and especially the
later hypochromism) is very small, and is of the order of the umctainty due to the choice
of UV cut-o® frequency. We therefore caution that these resulshould not be over analysed
without rst measuring the extinction coezcient further into th e UV.

Eumelanin's hyperchromism could be related to its role as addogical photoprotectant
(an increase in absorption strength upon polymerisation enhaes its ability to shield from
incident photons). The fact that the magnitude of the hyperchomism is small, however,
indicates that it is likely to be biologically less importantthan the evolution from a peaked
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spectrum to a more broadband absorption spectrum. Most signi calyt these results are
consistent with the chemical disorder structural model for eunt@nin [53]. In this model, the
broadband absorption spectrum of eumelanin is produced by tlsemmation of the (peaked)
spectra of many distinct chemical species, as described in chap® These species are
suggested to be small oligomers of DHI and DHICA ( gure 5.1) which wid be expected to
have dipole strengths per monomer similar to those of the monomspecies (being similar
in size). Since we observe only a small increase in the dipole sgggmper monomer over the
course of the reaction, we conclude that these results are consigtwith this model.

5.6 Chapter conclusions

We have shown that the dipole strength of eumelanin is not excépnal compared to other
biologically relevant molecules. The dark colouring and phaprotection in the skin and hair
of humans and other species must therefore be the result of a cenitation e®ect. Our
results also suggest that the highly unusual broadband absorpti@pectrum of eumelanin is
electronic in origin, and not caused by scattering or other nealectronic processes, con rming
the results presented in chapter 4. In addition, we found thathe dipole strength per
monomer of eumelanin increases by approximately 20% as itffs, indicating that eumelanin
exhibits hyperchromism. Most signi cantly, the small magnitudeof this hyperchromism is
consistent with the currently favoured structural model of euralanin (the chemical disorder
model). It also suggests that the most important role of the reamn that forms eumelanin
is to produce a broadband absorption spectrum, rather than amcreased dipole strength.
The resulting broadband absorption spectrum of eumelanin makét capable of acting as an
optical Tter, protecting biological tissue from optical damaye.
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Figure 5.5 : The dipole strength per monomer of DHICA over time, as it reacts to form eume-
lanin, determined using di®erent UV cuto® frequencies. Theariation between the curves indicates
that the absolute value of the dipole strength at each time pant is only accurate to within an
order of magnitude. The overall increase in dipole strengthis, however, more robust, showing
that eumelanin exhibits between 12% and 26% hyperchromismiiicrease in dipole strength with
polymerisation).
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Energy dissipation in melanin

The accepted primary role of eumelanin is to function as a baygical absorber, acting as a
“Tter to shield us against damaging ultraviolet radiation. The broadband absorption spec-
trum ensures that we are protected against all wavelengths, am$pecially against the most
damaging high energy photons. We have shown (in chapter 4) th#tis absorption is truly
electronic in nature, rather than a scattering phenomenon, ich raises the question of where
the absorbed energy is ultimately channelled to. The processeg which eumelanin dissi-
pates the energy it absorbs are not well characterised, and inamy ways the dissipation
processes are even more important than the absorption processes.faflure to dissipate
energy properly in the skin may lead to chemical reactions arzkll damage, and it is these
energy dissipation processes that become critical when attenmg to use eumelanin to har-
ness energy in photovoltaic devices (for example).

Melanin may dissipate energy radiatively via “uorescence or pgphorescence. Fluores-
cence is due to spin allowed electronic transitions, giving ri¢e emission nanoseconds after
absorption. Phosphorescence is due to the occurance of spin fdden transitions (typi-
cally from a triplet state to a singlet state) which have very log excited state lifetimes;
consequently the light may be emitted up to hours after absorpn.

The absorbed energy may also be dissipated non-radiatively viavariety of mechanisms.
Competing non-radiative dissipation pathways include

2 Repopulation of the ground-state via electron-phonon couplg to vibrational modes
of the molecule, converting energy to heat.

2 Generation of non-emitting intermediates (such as semiquines).

2 Excited state chemical reactions. Biologically, in some highlspecialised cases such
as absorption by chlorophyll in photosynthesis, this may lead tbene cial conversion
and storage of energy. However, photosynthesis is an extremetmplex process that
requires a great deal of cellular molecular machinery. Phmhduced chemical reactions
therefore typically produce species that are harmful to bifunctionality. This is likely
to be the case for melanins because there is no evidence of cexpholecular processes
of the type that are evident in the photosynthetic process®

Understanding which of these processes contributes to energy gission in melanins is
essential for understanding the functionality of the pigment.

3Interestingly, in a very recent publication, Dadachova et al. reported that allomelanin enhances the
growth of fungi in the presence of ionizing radiation, and postulate that melaninmight be involved in energy
capture and utilization [222]. This suprising result is worthy of further inv estigation.
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In the second part of this thesis we have focused largely on cheterising and understand-
ing the radiative dissipation processes in melanins. We report ahapter 6 an accurate char-
acterisation of the radiative properties of eumelanin, inading emission spectra and radiative
guantum yields for a range of excitation wavelengths. The ingstance of re-absorption and
inner Tter e®ects is revealed, and a method to correct for these presented and shown to
be extremely e®ective. Chapter 7 reports a more in depth study the radiative properties
of eumelanin, with a detailed °“uorescence map over the UV and J$e¢ range, and a map
of the radiative quantum yield of eumelanin showing the depelance of this quantity upon
excitation and emission wavelength over this range. This is ¢hmost detailed study of the
emission properties of eumelanin to date. In chapter 8 we repdhe application of these
methods to a synthetic analogue of pheomelanin so that the pregies of this much less well
studied form of the melanin pigment can be compared to those afiraelanin.

Chapter 9 reports a detailed study of the emission properties &fHICA, one of the eu-
melanin monomers. By accurately understanding the properseof this well characterised
monomeric system we aim to work towards an understanding of the esgtroscopic proper-
ties of the bulk eumelanin pigment. Chapter 10 provides a lknbetween the two systems,
reporting spectroscopic observation of DHICA as it polymerise® tform eumelanin.

In chapter 11 we report a preliminary study into the non-radiéive dissipation processes
in eumelanin. In this chapter we outline the results of an inaktic neutron scattering study
of melanin precursors to investigate in detail the vibrationbaproperties of these molecules
and their relation to the non-radiative dissipation processesieumelanin.
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6.1 Chapter abstract

We show that eumelanin emission spectra are strongly a®ected byatesorption and inner-

‘Tter e®ects, and present a method to correct for these e®ects to ske accurate emission
spectra for eumelanin. These spectra show some interesting andpatal features, including

a red-shift in the emission peak with decreasing excitation erggt, and complete violation of
the spectroscopic mirror image rule, both of which are consistenith the chemical disorder

model. This method also allows for what we believe to be the rstcaurate measurement of
the radiative quantum yield of eumelanin, which is shown to bgery low (less than 0.1%),
as is consistent with eumelanin's role as a photoprotectant. typically, the yield is also

dependant upon excitation energy, which can again be exptaid by the chemical disorder
model.

6.2 Chapter introduction

There are a variety of ways of measuring °uorescence and it is udedt this point to clarify
our terminology. Firstly, emission spectra are measured by illuimating the sample with a
single excitation wavelength (.«) and by then measuring the intensity of °uorescence at
each emission wavelength, ¢) to produce a spectrum. This is the most intuitive way of
measuring °uorescence.

Alternatively, if you are interested in the dependance of the °arescence upon the excita-
tion wavelength, you can measure an excitation spectrum. This done by illuminating the
sample with a range of excitation wavelengths (typically cdrolled by a monochromator)
and by then detecting the intensity of °uorescence at a single ession wavelength. Excita-
tion spectra can be less intuitive to interpret than emission sp&a, but can be very useful
for identifying atypical excitation properties.

81



82 The challenge of spectroscopy with melanin

A nal parameter that is useful for characterising the °uorescereproperties of a sample
is the radiative quantum yield, ©( ). This is de ned as the ratio of the number of photons
emitted (integrated over all emission wavelengths) to the nundy of photons absorbed (at
a particular excitation wavelength). The radiative quantun yield is an extremely useful
parameter since it allows comparison of the intensity of °uoresaee between samples. It is
typically measured by comparison to a °uorescent standard with anlown radiative yield.

6.2.1 Emission spectra

There are con’icting reports in the literature concerning emnelanin °uorescence. Several
early reports state that eumelanin does not °uoresce [223, 224hd later studies report very

weak °uorescence which was attributed to impurities or otherhemicals [225{229]. There
are several reasons why eumelanin was described as non°uoresadrotuding

2 Melanin has a very low radiative quantum yield € 0:1%, as shown in chapters 6 and
7), so the °uorescence is weak.

2 Melanin is notoriously insoluble, so early °uorescence measuransewere performed
in the solid state (in KBr, for example). The process of solubiligen brings about a
dramatic increase in the intensity of °uorescence, so early measaorents performed in
the solid state su®ered from a further lowering of the measurablmigsion [230].

2 The broadband absorbance spectrum of eumelanin causes re-apson and inner Iter
e®ects at all wavelengths, signi cantly reducing the intensityf@mission at all but the
lowest concentrations.

Despite these ditculties, a variety of articles report emission spt&ra for eumelanin. These
are summarised in table 6.1. It is clear that there is not a consett agreement concerning
the emission of eumelanin. A wide variety of peak positions areported, and even the
number of emission peaks is not consistent (most report one broadgk, but three studies
report two). The di®erences between these spectra can be attribd to a variety of reasons,
including variability in the source, excitation wavelengtts, solvents and concentrations, all
of which can a®ect emission spectra, as discussed below. The contilmnaof these e®ects
in past studies has obscured important subtle phenomena whichearevealed by the results
outlined in this chapter.

Melanin source

The emission spectra summarised in table 6.1 are for melanin fromvariety of sources
(synthetic, sepia ink, bovine and human) which have been showa have di®erent structural
properties, and will likely exhibit di®erent emission properés.

Excitation wavelength

Since melanin has a broadband absorbance spectrum there is noge wavelength that is
logical for excitation of the pigment, which has led to a vagty of excitation wavelengths
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source emission peaks L ex solvent notes reference
(nm) (nm)
yellow mouse hair 425 320 NaOH solution Ikejima and Takeuch i
black mouse hair 465 350 (1978) [231]
human hair 540 488 KBr (solid state)  strongly a®ected by Koziko  wski et al.
540 alkaline H20, re-absorption (1984) [230]
synthetic (from DHI) 560 NaOH solution
550 H20
sepia ink 555 H,0
synthetic 420, 500 340 H>0 small molecular fragments  Gallas and Eisner
(from DL-dopa) 420, 500 360 were removed. Only prior (2987) [ 232]
420, 500 380 study that includes
420, 500 400 re-absorption correction
synthetic 440, 520 330 phosphate bu®er - Mosca et al.
(from opioid peptides) (1999) [233]
human foetal retina 465 364 saline Boulton et al.
human retina 5-29yr 460, 590 (1990) [225]
human retina 30-49yr 455, 550
human retina > 50yr 465, 565
bovine retina 1yr 460, 565
synthetic 575 337 DMSO Teuchner et al.
(from tyrosine) 575 400 (1999) [234]
sepia ink 450, 515 335 potassium 450nm peak is narrow and  Fore st et al.
phosphate bu®er  possibly due to Raman (2000) [121]
scattering
synthetic 510 400 H,O - Teuchner et al.
(from tyrosine) 520 400 EGE (2000) [235]
530 400 KOH
500 400 DMSO
sepia ink 350 266 H2,O size fractions Simon
(2000) [236]
sepia ink 450 300 H>O size fractions Nofsinger and Simon
450 325 (2001) [161]
460 350
465 375
synthetic 548 470 aqueous H,02 deliberately oxidised Kayatz et al.
bovine 543 (2001) [237]
sepia ink 490 unspecied H 20 size fractions Birch et al.
(2005) [238]

Table 6.1: Summary of melanin emission spectra as reported inetliterature. | o is the
wavelength used for excitation.

selected by di®erent authors. Emission spectra are independaneatitation wavelength for
most organic chromophores above their minimum excitation engy, but the results presented
in this chapter show that this is not the case for eumelanin. Thefore the variation in
excitation wavelength leads to variation in the position of he emission peak. This e®ect is
not well characterised, hence in this chapter we report an tml analysis of the e®ect of the
excitation wavelength, with a much more detailed charactesation reported in chapter 7.

Solvent

Solubility is an issue when studying eumelanin, which has led tine use of a variety of
solvents for emission studies. Solvent e®ects are known to be intaot for eumelanin, and
speci cally have been shown to a®ect emission spectra in non-trivieays [235]. A variety
of solvents used in the di®erent studies therefore leads to a edyi of emission spectra.
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Re-absorption and inner Tter e®ects

Re-absorption and inner Tter e®ects have only been directly mected for in one previous
study (reference [232]). The other studies listed in table 6.Ely upon suzciently low con-
centrations to reduce (but not eliminate) the impact of thesee®ects. We demonstrate in
this chapter that re-absorption and inner Tter e®ects a®ect eusfanin spectra in non-trivial
ways, even at low concentrations, both decreasing peak heighmdashifting the wavelength
where the peak occurs. These e®ects are concentration depehdaence a variety of con-
centrations (not shown in table 6.1) will lead to apparent vaation in emission spectra.
We emphasise in this chapter the importance of correcting fohése e®ects. The study by
Kozikowski et al. in particular reports emission spectra that vy with concentration and
other anomalous features; we believe these e®ects can be aited to re-absorption by the
eumelanin pigment [230].

Pigment degradation

It has been observed that oxidative degradation signi cantlyricreases the radiative quantum
yield of eumelanin [225, 229, 233, 237, 239{241]. There isalevidence that increasing
oxidation may also produce the appearance of a second peak inigsion and excitation
spectra [225], although this is not consistent throughout thaterature and the reasons for it
are not clear. Varying levels of degradation have been shown bbe present in both natural
and synthetic pigments [106, 118], and this is therefore adil/ contributer to the variation in
reports of eumelanin °uorescence. If oxidative degradatios associated with the breaking
of covalent bonds this may be related to the observation that sali eumelanin particles
have higher radiative yields, and the observed di®erences beém the emission spectra of
size-separated eumelanin samples [161].

Aggregate size

It has been shown that eumelanin consists of particles of vargrsize, and that when these
components are seperated into di®erent fractions they have®Rdirent emission properties
(emission spectra, excitation spectra, and radiative yields) ¢§1]. Synthetic samples have
di®erent aggregation properties to natural ones, and some steglion synthetic eumelanin
have actively removed small molecular fragments via acid pipitation, whereas others have
not. These factors will contribute to producing a variety of @®erent emission spectra for
di®erent samples.

6.2.2 Excitation spectra

Excitation spectra give a rst level indication of the dependace of emission spectra upon
excitation wavelength, but unfortunately there is just as meh variation in excitation spectra
reported for melanins as there is in emission spectra, as demaagtd in table 6.2. Excitation
spectra will be a®ected by all the same variables as emission spgecteading to a great
variation in the number and positions of excitation peaks thiaare reported (for all the same
reasons). Re-absorption and inner Iter a®ects also strongly a®egiotation spectra, and
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source excitation peaks . em solvent notes reference
(nm) (nm)
yellow mouse hair 308 unspeci ed  NaOH solution lkejima and T akeuchi
black mouse hair 376 (1978) [231]
human foetal retina 355 570 saline Boulton et al.
human retina 5-29yr 380, 440 (1990) [225]
human retina 30-49yr 375, 440
human retina > 50yr 360, 450
bovine retina 1yr 360, 460
synthetic 310, 340, 450 440 phosphate bu®er Mosca et al.
(from opioid peptides) 340 520 (1999) [233]
synthetic 530 620 DMSO Teuchner et al.
(from tyrosine) (1999) [234]
synthetic 375 460 DMSO Teuchner et al.
(from tyrosine) 375, 440 500 (2000) [235]
370, 450 540
360, 500 600
355, 530 650
350, 550 700
sepia ink 280, 330 400 H, O size fractions Nofsinger and Simon
260, 385 500 (2001) [161]
synthetic 471 540 aqueous H20» deliberately Kayatz et al.
bovine 469, 400, 420 oxidised (2001) [237]
synthetic 365 450 NaOH solution Re-absorption  Nighswander -Rempel
(from tyrosine) 365 490 corrected et al. (2005) [242]
365, 490 530
365, 490 570

Table 6.2: Summary of melanin excitation spectra as reported the literature. | o is the
wavelength at which emission was measured.

these have only been taken into account in one recent study (byrogroup) that emphasises
the signi cance of correcting for these e®ects [242].

6.2.3 Radiative qguantum yield

Reports of the radiative quantum yield of eumelanin in the terature are summarised in table
6.3. Due to low emission levels, and re-absorption and inner Tt&®ects, the radiative yield
of this system is very ditcult to measure. This has resulted in onlyour published reports
of the radiative yield (as opposed to the many reported emissicgpectra listed in table
6.1). All reports agree that the yield is very low, but the exacestimates vary with source,
solvent, and excitation wavelength. The radiative yield of @melanin has also been shown to
vary with aggregate size [161], which may contribute signi cadly to the variation between
these reported results since some studies eliminate low molecwi@ight species through acid
precipitation, whereas others do not (small species have a sigantly larger radiative yield
[161] and will therefore tend to dominate the radiative yiel of the bulk system).

Photoacoustic calorimetry results for eumelanin show wavelgth dependance in the en-
ergy dissipation processes in eumelanin, suggesting that eleatghonon coupling is less
excient at shorter wavelengths [162]. This is suggestive of wdgagth dependance in the
radiative quantum yield of eumelanin. To our knowledge, thexcitation energy dependance
of the radiative quantum yield has not been previously probedvhich led us to initiate the
study reported in this chapter (and the more in depth study repded in chapter 7).

It is essential for the measurement of quantum yields that optat scattering does not
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[ source radiative yield ,ex (nm) solvent  notes reference
synthetic < 101 3 unspecied DMSO - Teuchner et al.
(from tyrosine) (1999) [234]
synthetic 1£10 3 400 DMSO - Teuchner et al.
(from tyrosine) 1 £ 101 3 KOH (2000) [235]

6£ 10 4 H20
2£ 10 4 EGE
sepia ink 1.9£ 10 3 350 H,O MW > 10000 Nofsinger and Simon
3:2£ 10i 3 10000> MW > 3000 (2001) [161]
5:2£ 10 3 3000> MW > 1000
1:08£ 10i 2 MW < 1000
sepia ink 3£ 103 350 H>O - Nofsinger et al.
(2001) [172]

Table 6.3: Summary of melanin radiative quantum yields as perted in the literature

make a signi cant contribution to the absorbance spectrum. Thisvas shown to be the
the case in Chapter 4, again highlighting the signi cance of thhavork. It is possible that
scattering makes a very small contribution, which would leadat an under-estimation of
the radiative yield (most notably at high energies where Ragigh scattering becomes more
signi cant).

6.2.4 Emission spectra as a probe

The variation between the published results listed in tables 6, 6.2 and 6.3 highlights how
sensitive the emission properties of eumelanin are to environm@ conditions and the exact
preparation of the pigment. This makes it a challenging progrty to characterise accurately
and repeatably, but it also makes the emission spectrum a highly rsitive non-invasive
probe for the analysis of melanin (much more so than the relagly insensitive broadband
absorption spectrum).

Eumelanin is known to consume oxygen and generate reactivedrradicals upon UV exci-
tation [150, 243, 244], which has been attributed to small metular weight species (molecular
weights < 1000 amu) since the eumelanin action spectra for photoinitied free radical pro-
duction and oxygen consumption are both very similar in shape tilve absorption spectrum
of these low molecular weight species [17, 173, 244]. The plystoeration of reactive oxygen
species by eumelanin is the most likely cause of its paradoxigalotosensitising properties,
so it is worth investigating the low molecular weight species thught to be responsible. These
small species in eumelanin have been shown to have a higher radeaquantum vyield than
their larger counterparts; the radiative yield of species wit molecular weights less than 1000
amu was found to be» 1%, whereas for larger species it ranges betweerD:2% and» 0:5%
[161]. This suggests that the measurement of °uorescence spectrayrbe an e®ective non-
invasive probe of the most interesting small molecular weight spies that are likely to be
most heavily involved in photochemical reactions.

Additionally, the measurements reported in this chapter idetify several atypical features
of eumelanin °uorescence that can be logically explained bydhchemical disorder model.
Hence spectroscopic examination of eumelanin pigment may pid& us with a way to distin-
guish between the various models for the functionality of mahin. A rst step towards this
goal is presented here, with the accurate characterisation efmission spectra and radiative
guantum yields for eumelanin, corrected reliably for re-awrption and inner Tter e®ects.
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Pheomelanin is treated in a similar manner in chapter 8.

6.3 Experimental

6.3.1 Sample preparation

Stock solutions of synthetic eumelanin were prepared in a maemidentical to that described
in section 4.3.1. From this, eumelanin solutions were prepared a range of concentrations
(0:001; 0:005%). Under such conditions, pale brown, apparently continus eumelanin dis-
persions were produced. Fluorescein (& 0:928 0:02) was purchased from Sigma Aldrich
and used without further puri cation to prepare standard solutbns at 10 di®erent concen-
trations varying from 1:2£ 10 “% to 5£ 10 ®% by weight in 0.1 M NaOH solution (18.2
Mohm MilliQ deionized water). Fluorescein and eumelanin ca@entrations were chosen so
as to maintain absorbance levels within the range of the speotneter whilst maximising
emission.

6.3.2 Absorption spectrometry

Absorption spectra for the eumelanin and °uorescein solutions wveemeasured as described
in section 4.3.2.

6.3.3 Emission spectrometry

Emission spectra for eumelanin and °uorescein solutions were regexd for all concentrations
using a Jobin Yvon (Paris, France) FluoroMax 4 Fluorimeter. Enssion scans were performed
between 400 and 700 nm using excitation wavelengths of betwegs0 and 410 nm for the
eumelanin samples and 490 nm for the °uorescein samples. A band pa$s3 nm and
an integration of 0.3 s were used. The emission spectra were cored for attenuation
of the probe beam and re-absorption of the emission according ttee procedure outlined
below. Background scans were performed under identical instnental conditions using the
relevant solvents. Spectra were corrected to account for di®@aces in pump beam intensity at
di®erent excitation wavelengths via the use of an incident exence beam in the °uorimeter.

6.3.4 Emission correction procedure

We have developed a procedure to correct for probe beam atteion and emission re-
absorption which has been applied to all emission and excitaticspectra reported in this
thesis. This procedure is outlined in depth in reference [163rie°y, the measured emission
intensity 1,(, em) at emission wavelength ., at any particular excitation wavelength, ¢ is
related to the actual (corrected) emission intensity.(, em) Via the relationship

le(, em) = Im(, em)K(, em) i Tog(, em) (6.1)

wherel yg(, em) IS the background contribution to the measured intensity (sefent and impu-
rity emission, and Raman scattering by the solvent), ané(, em) is a scaling factor de ning
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the probe beam attenuation and emission re-absorption. If we assa that only emission
arising from a small volume at the waist of the excitation beam isollected by the spectrom-
eter detection system, therk(, .m) can be written as

k(: em) = exp (®exdl + ®em(, em)dZ) (62)

where ®., is the absorption coexcient (cm ) at the excitation wavelength, d; (cm) is the
e®ective path length responsible for attenuation of the exctian beam, ®(, em) IS the
absorption coezxcient at the emission wavelength and, is the path length for emission re-
absorption. Equation 6.1 also holds for “uorescence excitatianeasurements, but in this
case the scaling factok(, «) is dependant upon the excitation wavelength and is given by

k(, ex) = exp (®ex(, ex)dl + ®emd2) (6.3)

If the geometry of the measurement system is known, then the paldngthsd, and d, can be
found by inspection. For example, for a collimated excitatio beam incident upon a square
cross-section cuvette (sides of length(cm)) with collection at 90* with respect to excitation
(and in the same horizontal plane), then

d=dy= (6.4)

N | X

However, if the geometry of the system is ill-de ned, an estimat®if the scaling factor can
be found by analysing the relative attenuation of the Raman sti®ring of the probe beam
in the sample with respect to the solvent. This technique is usdfin the case of eumelanin
emission and excitation studies because the relatively weak asion is of a similar magnitude
to the intensity of the Raman scattering from the solvent (watey. In this case, equations
6.2 and 6.3 (°uorescence emission and excitation respectivelgncbe rewritten as

K(,em) = eXp(®em(, em)desr ) (6.5)
K(,ex) = exp(®exq], ex) Gefr ) (6.6)
Qett = | e 1 6.7
ett = 1IN T @ (6.7)

where dgts is an e®ective path length (re°ecting both the pump beam atteraion and
emission re-absorption),lgg is the intensity of the Raman peak in the background (sol-
vent) and | is the attenuated Raman peak intensity in the sample. These vadg can be
found by tting gaussian line shapes to the Raman and emission feaés in the emission
spectrum. The absorption coexcient at the Raman peak®&g) can be determined directly
from the absorbance spectrum (‘gure 6.1(a)). This method is ptcularly useful in thin
‘Im emission experiments, where pump beam attenuation may be etively weak but emis-
sion re-absorption may be signi cant. In the data presented in tkithesis, all eumelanin
and °uorescein spectra were corrected using equations 6.1, 61l .4, although we have
shown that approximately similar results are obtained using e@ion 6.5 to calculatek(, em)
[163]. Absorption coexcients ®., and ®.4) were determined from the absorbance spectra
for each concentration. The errors associated with this coron procedure were estimated
by considering the uncertainty in the scaling factor accordpto the equation

£ _
EK= K (@A) + (@umn(, em)C )? (6.8)



6.4 Results and discussion 89

6.3.5 Quantum yield calculations

Radiative relaxation quantum yields at three excitation waelengths (350, 380 and 410 nm)
were calculated for synthetic eumelanin using the standard predure outlined in reference
[212]. Plotting the integrated emission vs absorbance for a rga of concentrations allows
the quantum yield (©,) to be determined according to the equation

M u 1P

_ Omel Nimel
©me| - ©S gs ns (69)

where @ (0:928 0:02 for °uorescein) is the known quantum yield of the standard)e and

ns are the refractive indicies of the eumelanin and standard s@nts, respectively (in this

case both 1.33) andy,e and gs are the gradients of the integrated emission vs absorbance

plots. Given the dramatically di®erent quantum yields of “uorscein and eumelanin, it was

necessary to use neutral density Iters (OD0.6 and OD1.0) to premedetector saturation

in the °uorescein emission measurements. These data were subseqyesthled with the

seperately measured absorbance of the Tters before the corieat process. The errors

associated with the quantum yield measurements were calculdtaccording to the following

equation (derived from equation 6.9)

A !
IJ¢©sﬂz+ H¢gmelﬂ2+ “¢gsﬂ2 ’

©s Omel Os
where ¢gne and ¢ gs are the uncertainties associated with the gradients determaa from

the integrated emission vs absorption plots. In this analysis wealie assumed e, ¢ gs
and ¢©g are uncorrelated.

¢O mel = Omel (6.10)

6.4 Results and discussion

The well known broadband absorbance spectrum of eumelanin isosm in gure 6.1(a)
for three di®erent concentrations. As expected, the absorptioctoezcient scales linearly
with concentration, con rmed by the linear regression shown in gre 6.1(b) (a plot of the
absorption coexcient at 380 nm for each of these concentrations)

Emission spectra were measured for these three eumelanin solusiavith excitation at
380 nm; the raw spectra (not corrected for re-absorption or irm Iter e®ects) are shown
in gure 6.2(a) with the solvent background spectrum included dot-dash line). Note that
the narrow peak at approximately 435 nm is due to Raman scatteig from the solvent.
Raman scattering is typically very weak in intensity and is okn dwarfed by emission from
the sample. This is not the case here, giving an indication of ¢hweak intensity of the
emission from eumelanin.

Note the following unusual features of these spectra:

2 The emission intensity does not scale linearly with concentran.

2 The emission peak shifts to longer wavelengths as the concetima increases (the
intensity of the emission peak should vary as concentration chges, but the shape
and position of the emission peak should be independant of contation).
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Figure 6.1 : (a) Absorption spectra for three synthetic eumelanin soludions (0.005% (dotted
line), 0.0025% (dashed line) and 0.001% (solid line) by welg concentrations. (b) Absorption
coexcient at 380 nm vs concentration for the three synthetic @imelanin solutions in (a) showing
expected linear relationship.
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Figure 6.2 : Emission spectra (excitation at 380 nm) for three synthetc eumelanin solutions
shown in gure 6.1(a). Concentration by weight: 0.005% (dotted line), 0.0025% (dashed line) and
0.001% (solid line), and solvent background (dot-dash line)showing Raman scattering peak at 435
nm (in (a) only).
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2 The Raman peak intensity decreases with increasing sample camtcation (the Raman
peak is a feature of the solvent, rather than the sample, and hemshould be completely
unrelated to the sample concentration).

All of these features can be attributed to re-absorption and irgr- Iter e®ects. The inner-
“Tter e®ect is due to absorption of the excitation beam before ifeaches the excitation volume
at the centre of the cuvette (from which emission is detected)As concentration increases
this e®ect becomes more signi cant, and manifests as an increghinreduced intensity of
emission spectra. Re-absorption occurs when the absorption coett is substantial at
the wavelengths where emission is being measured. Emission frdma excitation volume is
re-absorbed before it reaches the outside of the cuvette. Stneumelanin has a broadband
spectrum that increases exponentially towards higher eneeg, this manifests as a redshift
in the eumelanin emission peak at higher concentrations (wteere-absorption is more sig-
ni cant).

Re-absorption and inner- Tter e®ects are typically avoided byhe use of very low con-
centrations where the absorbance is suzciently low that they daot signi cantly a®ect the
emission spectra. This is not possible in the case of eumelanin whemission is extremely
low and higher concentrations are required to maximise the éssion signal. It was deter-
mined that a concentration of 00025% eumelanin by weight gives the maximum emission
with minimum re-absorption and inner- Tter distortions. At thi s concentration, however, it
IS necessary to apply a correction for these e®ects to recoveruaate spectra.

Applying the correction to the raw emission spectrain gure 6.2(aesults in the corrected
spectra shown in gure 6.2(b) (note that the solvent background strum included in gure
6.2(a) has been subtracted as a part of the correction procady and hence is no longer
included in gure 6.2(b)). We nd now that we have recovered thefollowing important
features:

2 The spectra intensities scale linearly with concentration (ademonstrated by the linear
regression in gure 6.3).

2 The spectra are identical in shape and peak position.

2 The Raman scattering peak from the solvent has been completelgmoved by the
subtraction of the background without leaving spectral "hok.

The recovery of these features indicates that the correctiqgerocedure has worked prop-
erly to give us accurate emission spectra. The intensity of the wected emission peak is
plotted against concentration for these three solutions in g 6.3 to show that the linear
relationship with concentration is recovered.

The importance of this correction process is further highliged in gure 6.4. Integrated
emission is plotted against absorption coezcient for each condeation (which should be
linear). Empty circles show uncorrected (raw) data, whereadled squares show the data
after the correction process is applied. For eumelanin, in ga 6.4(a), it is clear that the
uncorrected values deviate signi canty from linearity at allconcentrations and the correc-
tion procedure is essential for recovery of the correct relatiship. Upon application of the
correction procedure, however, the linear relationship isompletely recovered.
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Figure 6.3 : Corrected emission peak intensity vs concentration for tliee synthetic eumelanin
solutions shown in gure 6.2(b).

To demonstrate that this procedure is not only applicable to @nelanin, gure 6.4(b)
shows measurements for ten concentrations of °uorescein. Thevéw 5 concentrations (bot-
tom left part of the graph) are in the regime usually used for meairements on °uorescein.
It is clear that the correction process is unnecessary at thesevil@oncentrations. At higher
concentrations, however, the uncorrected values deviate siganty from linearity and the
correction procedure becomes important. Note that the integity of emission is several orders
of magnitude higher for “uorescein than that for eumelanin, naning that lower concentra-
tions of eumelanin could not be used in a similar way to remove émeed for the correction
procedure. For eumelanin the correction procedure is necasséor all ve concentrations
used, and at the highest concentration the deviation is very sigcant. By applying the
correction procedure, however, we recover the expecteddar relationship between emission
and absorption to within the uncertainty of the correction.

Being able to accurately measure the emission spectra of eumétahas allowed us to
measure some previously unobserved features. The corrected emrsspectra of eumelanin
for a variety of excitation wavelengths are shown in gures 6(&) (vs wavelength), and
6.5(b) (vs energy). We see that the spectrum changes in shape aoelak position as the
excitation wavelength changes. This is in violation of Kasha'rule [245]; for most simple
organic molecules emission will only vary in intensity as the eitation wavelength is varied.
We also note that a low energy cut-o® is evident; all curves sleaa common edge at low
energy. All of these features suggest that multiple species areepent in solution. As we
excite at lower energies we cease to excite those species witlyda excitation gaps. This
means we no longer see emission from those species (which wouldymably emit at the
highest energies), so exciting at lower energies produces refiisty of the emission peak with
a common cut-o® at low energies.

The measured peak positions (after correction) are listed inliée 6.4 for easy comparison
to those previously reported in the literature summarised in tale 6.1. The only other
study to have applied a correction for re-absorption and inneiter e®ects [232] reports an
emission spectrum with two gaussian peaks at 433 nm and 505 nm thatry in height as
the excitation wavelength is varied (between 340 and 400 npgxhibiting an isosbestic point
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Figure 6.5 : Corrected emission spectra for a 0.0025% by weight synthi&t eumelanin solution
for “ve excitation wavelengths (360 nm, solid line, to 380 nm,inner dashed line) in 5 nm increments.

source emission peaks . ex solvent notes

(nm) (nm)
synthetic 461 360 NaOH solution  Re-absorption correction
(from tyrosine) 467 365 applied.

474 370

479 375

485 380

Table 6.4: Summary of eumelanin emission spectra reported hei@ comparison with table

6.1.
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Figure 6.6 : Analysis of corrected emission spectra with excitation eergy for a 0.0025% by
weight synthetic eumelanin solution.

at 470 nm. They attribute this to two distinct chemical specieswvhich interconvert as the

pump wavelength is changed. This intriguing result has not len replicated in any later

measurements (although several studies report two emission psathe isosbestic point has
not been observed). The behaviour we observe here is also ve®eatient to that reported in

that study.

Figure 6.6 plots the properties of the eumelanin emission peals excitation energy is
varied. As shown in gure 6.6(a) the full width at half maximum ircreases linearly with
excitation energy, as does the energy where the peak occuBs5(b)), and the intensity of
the peak (6.6(c)).

Another interesting feature of the emission spectrum of eumelamis that it shows com-
plete violation of the mirror image rule. This rule states th§ due to the laws of quantum
mechanics, the emission intensity divided by the energy cubed sid be the mirror image
of the absorption spectrum divided by energy (on an energy axi$245], as illustrated in
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Figure 6.7 : Because the same transitions are involved in both absorptin and emission, and the
Sp and S; vibrational levels are typically similar, for simple molecules the emission spectrum will
be the mirror image of the Sy to S; transition in the absorption spectrum. Figure from reference
[245].
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Figure 6.8 : Emission / Energy® (broken line, left axis) and absorption coexcient / Energy
(solid line, right axis) for synthetic eumelanin solution showing violation of the mirror image rule.
For simple systems these quantities should mirror each othrealong the energy axis [245]. With a
peaked emission spectrum and a broadband absorption spectm, eumelanin completely violates
this rule.

‘gure 6.7. This has been plotted for eumelanin in gure 6.8, whh shows the clear viola-
tion. This can be explained by the presence of many chemicatljstinct species, which gives
rise to a broadband absorption spectrum with a high energy cut®in the far UV. Many
of these species may be large oligomers which are expected teehstrong electron phonon
coupling and therefore dissipate absorbed energy largely bymmdiative processes so that
they do not contribute to the emission spectrum. Only a small progrtion of the species
present have high enough radiative yields to contribute to eission; these are expected to
be residual concentrations of monomers, or very small oligorserSince only a small propor-
tion of the species contribute to emission (whereas almost allrtaobute to absorption), it
is reasonable to expect that the emission spectrum would no lomgairror the absorption
spectrum.

These results show that emission spectra o®er an extremely sensitivebye of the eu-
melanin system (far more so than absorption spectra, the broadbérshape of which can
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Figure 6.9 : Radiative relaxation quantum yield for synthetic eumelanin excited at three wave-
lengths (350 nm, 380 nm and 410 nm). The solid line is a linear twhich is intended only as a
guide to the eye.

[ source radiative yield | ex (nm)  solvent notes ]
synthetic 7:0£ 101 4 350 NaOH solution  Re-absorption
(from tyrosine) 6 :4£ 10i 4 380 correction applied
5:7£ 101 4 410

Table 6.5: Summary of melanin radiative quantum yields repted here, for comparison with
table 6.3

be explained adequately by a variety of models). These emissiorasurements give much
stronger evidence for distinguishing between various modets fumelanin.

6.4.1 Radiative quantum yield of eumelanin

The radiative quantum yield of eumelanin was determined atiree di®erent excitation wave-
lengths using equation 6.9 with gradients from linear regressis of plots like those shown
in gure 6.4. The radiative yield of eumelanin is shown as a fution of excitation energy in
“gure 6.9, where the linear regression is intended only as a gaitb the eye. The measured
radiative yields are also listed in table 6.5. Note that the yiel for all excitation energies is
very small, less than 0.1%. This con rms that eumelanin is cap&bof dissipating more than
99:9% of the absorbed UV and visible energy non-radiatively.

Most signi cantly, the radiative yield is dependant upon the egitation energy, which is
atypical behaviour for an organic chromophore, and is inditive of chemical heterogeneity.
This is investigated in depth in the following chapter.

6.5 Chapter conclusions

Eumelanin emission is strongly a®ected by re-absorption and imnéer e®ects which dis-
tort the intensity and shape of the measured emission spectrum. Wgm@y a method to
correct for these e®ects and recover accurate emission spectratonelanin. This accuracy
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has allowed us to identify several features of eumelanin em@sithat are atypical for an
organic chromophore, including excitation energy dependee in the emission spectrum, and
violation of the mirror image rule. All of these atypical featues are suggestive of chemical
disorder. This method has also allowed us to make the rst accuetmeasurement of the
radiative yield of eumelanin, which is found to be very smallléss than 0.1%), as is ideal for
a photoprotectant. The radiative yield is also dependant upo excitation energy, which is
unusual, and will be investigated in more depth in the followig chapter.
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Radiative quantum yield mapping

7.1 Chapter abstract

In this chapter we detail a complete °uorescence map for syntheteumelanin over the
UV/visible range and identify two di®erent regimes of interest, ¢x > 310 nm and, < 310
nm. For , o > 310 nm eumelanin exhibits the previously observed propertigslicative of the
presence of multiple species; we report these features over a mw@er range than previously
measured. For, ¢x < 310 nm we report a previously unobserved regime which shows|étt
dependance upon excitation energy which we attribute to ession from a single species.
To further investigate the excitation energy dependance ohe emission, we determine the
radiative yield as a function of excitation energy, as wellsaa quantity which we call the
‘speci ¢ quantum yield'; this gives the probability that a phdon absorbed at a particular
. ex WIill be emitted at a particular , ¢,,. Clear structure is observed, as is a non-trivial
dependance upon the excitation wavelength, indicative ohemical disorder.

7.2 Chapter introduction

In chapter 6 we showed that the emission spectrum of eumelanin agyls upon the excitation
wavelength in a non-trivial way. In this chapter we extend upn the ve discrete emission
spectra that were reported in chapter 6, and give a complete °vescence map over the
entire ultra violet and visible range. This forms an extrem@l valuable tool for analysis of
the energy dissipation processes of eumelanin.

We also showed in chapter 6 that the the radiative quantum yieldf eumelanin is depen-
dant upon excitation energy. This highlights the need to detrmine the radiative quantum
yield as a function of excitation wavelength for a clearer werstanding of eumelanin's de-
excitation processes. We present in this chapter a method for ngeaing a quantum yield-like
guantity that we call the “speci ¢ quantum yield' - the fraction of photons absorbed at a

99
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Figure 7.1 . Cuvette and excitation volume with emission and excitation beam shown, viewed
from above ( gure from [48]).

wavelength | o, that are emitted at a speci ¢ wavelength, ¢,. Integration of this quantity

over , om Yields the traditional quantum yield as a function of excitéion energy. The speci ¢
guantum yield allows us to track the de-excitation path of eech emitted photon. With the

resulting speci ¢ quantum yield map we have a much more completmderstanding of the
spectroscopic properties of eumelanin. In addition to repartg the speci ¢ quantum vyield
for eumelanin, we present the general method for determinati of the speci ¢ quantum
yield for any compound.

7.3 Theory

We seek to determine an expression for the radiative quantum ideof a sample as a function
of the excitation and emission wavelengths ¢« and , ., respectively), in terms of measurable
parameters, which we de ne as the “speci ¢' quantum yield)(, ex;, em), the percentage of
photons absorbed at a particular excitation wavelength thatare emitted at a particular
emission wavelength).

In a typical spectroscopic measurement a small volume is de ned the centre of the
cuvette by the slit widths for the incoming and outgoing beamsas shown in gure 7.1. This
is the volume from which °uorescence is detected, given the insinental design. We de ne
Na(, ex) to be the total number of photons absorbed in the central volme, andNe(, ex;, em)
to be the total number of photons emitted from the central vaime. The speci ¢ quantum
yield (as a function of | ox and , ¢m) is then de ned as

Ne(, ex; 5 em)
Na(, ex)

N, is the di®erence between the number of photons incident on thentral volume and
the number of photons remaining after passing through the vatbe. Since the number of

Q(, ex;,em) = (7.2)
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photons is directly proportional to the light intensity with some proportionality constantK ,
we have

Na(, ex) = Kllinc(, ex) i 1p(, ex)] (7.2)
Moreover, by the Beer-Lambert law
In(, ex) = linc (, ex)€ B, ex)dex (7.3)

where ®(, «) is the absorption coexcient of the sample at .x and dex is the width of the
central volume (as shown in gure 7.1). Combining equations Z.and 7.3 yields

Na(, ex) = Kline(, ex)[L] € . eX)dex] (7.4)

Consider now the photons that are emitted from the excitatiorvolume. If we de nel,
to be the total intensity emitted from the excitation volume (in all directions), then |4 (the
fraction of | ¢ that is detected) will be proportional tol.. The proportionality constant C (as
de ned in equation 7.5) will be less than one and dependant ongn the system geometry
and the detector sensitivity, not on, ¢ Or , em. Thus,

Kl d(, exs s em)

Ne(, ex:, em) = C (7.5)
The speci ¢ quantum vyield is then given by (combining equatiem7.1, 7.4 and 7.5)
lg (L exs,
Q( ex;,em) = a(, ext, em) (7.6)

C (1 i ei ®(, ex)dex)

Here, 1 4=li,c has been replaced with 3, re°ecting the fact that raw emission intensity data
recorded by the spectrometer will have been pre-corrected feariations in lamp intensity.
Also, in order to account for probe attenuation and emission rebgorption within the sample,
a correction has been applied to the raw spectra (as describeddhapter 6) prior to the
determination of the quantum yield. The value typically reprted as the quantum vyield
(the“traditional' quantum yield, ©) will then be the integral of equation 7.6 over all emission

wavelengths,

R
1 |g(,ex;,em)d,em
©(> eX) - 6 1| @ ®(, ex)dex

(7.7)

Note that the factor 1=C is a normalising parameter dependent only on the system
geometry and the detector sensitivity. In order to determinehis factor, we can measure the
absorbance and emission spectra of a standard with a known quantuneld ©s. Then a
simple rearrangement of equation 7.7 yields

i i ¢
Oy 1j € ®st (, ex)dex (nsamrJIG)2

™ ) 2
|§;St (, exs , em) d, em (nSt)

1
= 7.8
= (7.8)
wherens,mpie @and ng; are the refractive indices of the sample and reference standarespec-

tively. In our study, these values were the same. The above eqimts for the quantum yield
are equivalent to standard methods provided in the literatug [245]. Note that typically,
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Figure 7.2 : Integrated emission as a function of absorption coexcient ® for 30 quinine sul-
phate solutions (concentrations 1£ 10' 6 to 1£ 10 *“M in H,S0y). dex (Ilength of excitation volume)
assumed to be 0.1 cm (‘gure from [48]). Vertical axis is in couts per second.

the ratio of integrated emission to absorption coexcient is usediff determining gradients
to calculate the radiative yield, whereas the present discussiases the ratio of integrated
emission to 1; e ®, as shown in "gure 7.2. The former ratio is based upon the approxa-
tion e ® =1 ®d, which is not valid for studies such as ours in which the sample @fanin)
has large absorption coezcient values. For more precise resultsg Wave measured the ab-
sorbance and emission of the standard solution for a wide variety ooncentrations and
plotted the expression in equation 7.8 (‘gure 7.2). 4C is then given by the gradient of a
linear regression.

7.4 Experimental

7.4.1 Sample preparation

Synthetic eumelanin derived by the non-enzymatic oxidatioof tyrosine was purchased from
Sigma-Aldrich (Sydney, Australia) and was treated by acid prapitation in order to remove
small molecular weight components, following the method of ke et al. [150]. Brie®y,
dopamelanin (00020 g) was mixed in 40 mL high-purity 12 M- milliQ de-ionized water
and 05 M hydrochloric acid was added to bring the pH to 2. Solutionsvere centrifuged
and the black precipitates were repeatedly washed in@M hydrochloric acid and then de-
lonized water. A Q0050% solution (by weight) of the remaining precipitate wasrgpared in
de-ionized water. To aid solubility, the solution was adjustedo pH 10 using NaOH (as in
previous chapters). Given that high pH also enhances polymesition [246], this adjustment
also ensured that the presence of any residual monomers or smaljamers in the solution
was minimized. A pale brown, apparently continuous solutiomvas produced. Quinine sul-
phate (Sigma-Aldrich) was used without further puri cation at 30 di®erent concentrations
(L£ 10%to 1£ 10 “M in 1 N H,S0O;, solution) as a standard for the determination of the
radiative quantum yield.
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Figure 7.3 : Re-absorption corrected °uorescence map for synthetic eunt@nin (high emission
in red, low emission in blue). From [48].

7.4.2 Absorption and emission spectrometry

Absorbance spectra for each solution were measured as describedeiction 4.3.2. Fluores-
cence emission spectra for eumelanin and quinine sulphate weeearded in a very similar
manner to that described in section 6.3.3 with an integrationitne of 0.5 s. Matrix scan-
ning software allowed excitation and emission intervals of 1 nmAll emission spectra were
corrected for re-absorption and inner Tter e®ects using the meadd outlined in chapter 6.
Quantum yields were calculated using the method outlined ale with standard values [247].
Since the quantum yield of quinine is temperature dependerthe ambient temperature sur-
rounding the cuvette was measured to be 36, resulting in a 25% shift from the published
value of 0.546.

7.5 Results and discussion

Figure 7.3 shows the measured °uorescence map for synthetic etangl as a three dimen-
sional projection, and as a contour map. As was reported for tlemission spectra in chapter
6, a narrow peak was observed in the raw emission spectra due to Remscattering from
the solvent (water). This peak was completely removed by theerabsorption and inner Tter
correction process (which includes subtraction of backgrodremission from the solvent),
showing again that the correction process described in chaptérwas accurate. First and
second order Rayleigh scattering peaks were also observed inéhgssion spectra, and were
removed manually (due to their high intensity relative to eurelanin emission these peaks
saturated the detectors and hence could not be removed by bgckund subtraction).

The maximum emission was observed fog, =295 nm (4.2 eV) at, ey, =460 nm (2.7 eV),
although from the shape of the peak it is likely that there is ean greater emission at higher
excitation energies. Higher energies were not probed in thisudly since all measurements
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Figure 7.4 : Emission spectra for synthetic eumelanin solution, extrated as vertical cross sec-
tions from °uorescence map in gure 7.3. We observe a broad bandhat shifts with excitation
wavelength. Vertical axis is in counts per second.

were performed in water, which has strong absorbance outsidetbis range.

We can identify two distinct regimes in gure 7.3. Firstly, for, ¢x > 310 nm the emission
peak position shows a dependance upon the excitation energhdte is a gradual diagonal
shift in peak position with excitation wavelength). This depadance of the emission spectra
upon the excitation energy was observed previously in chaptérfor 360 nm< | o < 380
nm; we observe it here over a much larger range of excitationergies (310 nm< | ¢ <
460 nm). This is depicted as discrete emission spectra in gure Fat comparison to earlier
results (emission spectra can be easily extracted from the °uoresce map as vertical cross
sections). We observe the same decrease in peak height and redsigifof the emission with
decreasing excitation wavelength with a low energy cut-o® ags observed in chapter 6.
As discussed earlier, emission spectra are usually independant afigtion energy, and the
violation of this in this case is indicative of the presence of uitiple chemical species. The
emission peak position shifts from ¢, = 435 nm (2.9 eV) to 517 nm (2.4 eV) with excitation
energy change from ¢ = 310 nm (4.0 eV) to 460 nm (2.7 eV).

Figure 7.3 also reveals the presence of a previously unobservedime for, o < 310
nm, where emission is independant of excitation energy. At tee higher energy excitation
wavelengths the emission peak occurs at, = 460 nm (2.7 eV) independant of excitation
energy, and merely increases in intensity with increasing emwgr (with cut-o®s on both the
low and high energy side of the peak). This suggests that emissian this part of the
spectrum is due to a single species, whereas multiple chemical@ee contribute at lower
energies.

Note that we do not observe a dual peaked emission spectrum at anycgation energy,
as has been observed in some previous studies [121, 225, 233, 233

Excitation spectra extracted as horizontal cross sections frothe “uorescence map are
shown in gure 7.5. These spectra are in good agreement with thoseyiously reported in
reference [164]. They are multi-peaked, with a main peak atx = 365 nm (3.40 eV) that
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Figure 7.5 : Excitation spectra for synthetic eumelanin solution, extracted as horizontal cross
sections from °uorescence map in gure 7.3. We observe a peakmstant in position at 365 nm
that varies in intensity with emission wavelength (from [48]). Vertical axis is in counts per second.

varies in intensity with , ., but not in position (observed for 450 nm (2.8 eVX , em < 590
nm (2.1 eV)). This could suggest the presence of a species that albsostrongly at 365 nm
and transfers energy to multiple other species which then giviese to emission at a range of
wavelengths. A secondary peak is also observed, at = 490 nm for the emission wavelength
range 500 nm (2.5 eVK , em < 540 nm (2.3 eV).

Typically, excitation spectra (such as those presented in gure.5) will be close to the
shape of the absorbance spectrum (higher absorbance at a part&ruexcitation wavelength
typically leads to increased emission). The excitation spectia gure 7.5 show an increase
towards higher energies in a similar manner to the absorption eptrum (shown in gure
2.3), but it is clear that there is much more structure in thesexitation spectra. This is an
indication that the radiative quantum yield is dependant onexcitation energy. We showed
in chapter 6 that the radiative quantum yield does vary with citation wavelength, at just
three points, in agreement with the data shown here. To probe i further, we measured
the radiative yield of eumelanin as a function of excitatiorwavelength, as shown in gure
7.6. The solid line shows the traditional quantum yield, here pasured as a function of ¢,
with values reported previously shown as discrete points for mparison. We show excellent
agreement with the results reported in chapter 6, con rming th validity of our method. We
emphasise the very low magnitude of the radiative yield of euria@in which is of the order
of 10 4 throughout the wavelength range measured. It can be seen thaté yield is very
clearly dependant upon the excitation wavelength in a norrial way, (it varies by a factor
of 4 over the measured range, 250 nm to 500 nm) which is anothedication of the presence
of multiple species in our sample. Peaks in the yield are evideat 3.4 eV and 4.6 eV.

The speci ¢ quantum yield map for eumelanin is shown in gure 7.7This quantity gives
the radiative yield as a function of, ¢x and , em, as outlined in the theory section of this
chapter. Itis similar in shape to the “uorescence map, but is nowaled with the absorbance
spectrum such that it gives the probability that a photon absorled at a particular , ¢« will
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Figure 7.6 : The traditional radiative quantum yield as a function of ex citation energy across
UV and visible wavelengths (solid line). Circles and error lars show previously measured quantum
yield values from chapter 6 (' gure from [48]).

be emitted at each, ¢,,. Three peaks are evident at excitation energies of 3.4 eV, €8 and
> 5 eV. Note that the values are very small, the maximum being:3£ 10 ® (0.00052%),
which is in keeping with the previously measured low radiativgields of eumelanin.

Acid precipitation makes the presence of monomers and smallgdimers unlikely, but it
is possible that residual concentrations remain in solution. Mmmeric species have been
shown to have signi cant radiative yields ¢ 60%), whereas the yield of dimers is signi -
cantly reduced [248]. Increasing covalent bonding is thougto further reduce the radiative
yield through increased electron-phonon coupling. Sincedlyield of eumelanin is very small
is it possible that it is due to emission from a residual concentri@in of a monomeric species
or other small molecule, or a collection of dimers and small gbmers with higher concen-
trations, but low radiative yields. We suggest that the, ¢x < 310 nm regime is due to a
residual concentration of a single monomeric species (as suggedby the , .., peak being
independant of, ¢x and the relative insensitivity of the radiative yield t0 , o). The , & >
310 nm regime is more likely due to emission from multiple spesiéhigher concentrations
of low yield dimers and small oligomers).

7.6 Chapter conclusions

We have fully characterised the equilibrium spectroscopic pperties of synthetic eumelanin
over the UV/visible range, taking re-absorption and inner Tter &®ects into careful account.
Two distinct regimes are observed in the °uorescence mapg, > 310 nm (likely due to a
collection of low yield oligomers) and ¢x < 310 nm (possibly due to a residual concentration
of a single monomeric species with a substantial radiative yigldClear structure and exci-
tation energy dependance is revealed in both the speci c radiie yield and the traditional
radiative yield, indicative of the presence of multiple cheroal species in eumelanin.
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Figure 7.7 : Speci ¢ quantum yield map for synthetic eumelanin (the fracion of photons ab-
sorbed at each excitation wavelength that are emitted at eab emission wavelength). Two peaks
are evident, with limiting values at high and low emissions (gure from [48]).
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Radiative relaxation in synthetic pheomelanin

8.1 Chapter abstract

We report a detailed spectroscopic study of cysteinyldopa-melia (CDM), a synthetic ana-
logue of pheomelanin. Although CDM and dopa-melanin (DM, theynthetic analogue of
eumelanin) have very similar absorption spectra, we nd that the have very di®erent ex-
citation and emission characteristics; CDM has two distinct °uorgcence peaks that do not
shift with excitation wavelength. Additionally, our data suggests that the radiative quan-
tum yield of CDM is excitation energy dependant (alike to euralanin). Finally, we nd
that the radiative quantum yield for CDM is » 0:2%, twice that of eumelanin, although still
extremely low.

8.2 Chapter introduction

Pheomelanin is the red to yellow type of melanin found in hunmaskin, hair and eyes.
Although it is less predominant than eumelanin, pheomelanirsiof signi cant interest since is
more closely linked to melanoma skin cancer. Scysteinyldopa, a precursor of pheomelanin,
is one of the best markers of malignant melanoma, being found plasma and urine of
melanoma patients in signi cant quantities [249]. It has also éen shown that pheomelanin
becomes mutagenic after exposure to UV light [250, 251], and nsore photolabile than
eumelanin [252{255]. Pheomelanin is known to produce a ety of photoproducts that
trigger oxidative stress and can cause DNA damage (hydrogen pede, superoxide and
hydroxyl radicals) [19, 256] and it has been suggested that this why people with red hair
(who have high pheomelanin levels) are more susceptible to skamcer than those with dark
colouring [16, 257, 258]. Other studies suggest that the ratid pheomelanin to eumelanin
Is the important parameter, those with a higher ratio having ahigher risk of melanoma,
regardless of the overall amount of pigment [259, 260]. Stifither studies suggest that
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pheomelanin may be photoprotective or photosensitising depging upon the concentration

of the pigment, and the wavelength of irradiation [251]. The remains great uncertainty as
to the biological functioning of pheomelanin vs eumelaninmaking it extremely challenging

to determine their respective roles in photoprotection andhe development of melanoma
skin cancer [19].

It should not be assumed that pheomelanin behaves in the same way eumelanin.
Firstly, pheomelanin has a distinctly di®erent colour to eumahin, suggesting di®erent spec-
troscopic properties. Additionally, although both types of mk&anin have been shown to
guench the °uorescence of porphyrin compounds, there are sigrant di®erences in their
behaviour that suggest the mechanism of interaction is quite @&erent for the two pigments
[261]. Hence we believe that pheomelanin deserves substantimeapendant study (although
it represents a relatively small component of this thesis).

Biologically, it appears that melanogenesis occurs in threstages, with the rst two
involving the production of cysteinyldopa and pheomelaninaspectively. Eumelanins are
only produced in the third stage, when all cysteinyldopa is dégted. This suggests that
eumelanin may be deposited onto preformed pheomelanin patés [39, 262]. Advanced
chemical methods have been developed to accurately detemmithe relative amounts of
eumelanin and pheomelanin in natural samples [204, 263], bilte way in which the two
pigments are structurally arranged is not well understood.

We have discussed structural models for eumelanins (in chaptgr But pheomelanins have
been studied far less extensively and their structure should notebassumed to be identical.
The pheomelanin monomers, benzothiazines, are structurally&erent to DHI and DHICA
[39], and follow a di®erent synthetic pathway to form pheometins, as shown in gure 1.2.
Several benzothiazine dimers have been isolated from natuplneomelanins, con rming the
fact that 1,4-benzothiazines are the monomeric species thimrm pheomelanin biologically,
and suggesting likely binding sites for the formation of the ploenelanin macromolecule
[264]. These benzothiazine dimers are termed "trichochroshestructures of which are shown
in gure 8.1. Small benzothiazine oligomers have also been alsted from oxidation of
cysteinyldopa under a variety of conditions [265, 266], withtructures as shown in gure 8.2.
Which oligomers are formed sheds light on the way that the beathiazine monomers might
bind to form the macromolecular structure of pheomelanin [28.

MALDI (matrix assisted laser desorption ionization) mass spectrony measurements
on hair pheomelanin suggests that it consists mostly of small olig@ric species, rather than
large polymeric structures [268]. As in the case of eumelaningwever, it is possible that
large species escaped detection due to the limitations of thasethod. A variety of other
studies of the chemical structure of pheomelanin have been docted, including radiotracer
studies and NMR spectroscopy [269{271], and atomic force micropy imaging of whole
melanosomes (showing the spherical and fragile nature of pheslanosomes, as described in
an earlier chapter) [85]. Despite these studies, a clear and acte picture of the primary
and secondary structure of pheomelanin remains even more elasihan for eumelanin. This
adds substantial di+culty to the identi cation of features in spectroscopic analysis [261].

As stated earlier, pheomelanins have been studied far less exderly than eumelanins
in almost all respects, and spectroscopic analysis is no exceptidine absorption spectrum
of pheomelanin is well known to be broadband and exponentighs shown in gure 8.3),
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Figure 8.1 : Structures of trichochromes (benzothiazine dimers) is@ted from natural pheome-
lanin (from [267]).

similar to eumelanin. Also similar to eumelanin, pheomelanin °uescence is reported to be
extremely weak, and signi cantly enhanced by oxidative degdation [272]. Emission and
excitation spectra for melanin extracted from the hair of yébw mice were reported in 1978
by Ikejima and Takeuchi; the yellow pigment is believed to beredominantly pheomelanin.
They measured a multipeaked excitation spectrum with a maximua at 308 nm, and a single
peaked emission spectrum with a maximum at 425 nm § = 320 nm). The spectra are
notably di®erent from those measured for melanin extracted frothe hair of black mice in
the same manner, suggesting de nite di®erences between the spesttopic properties of the
two pigments. Additionally, Olivecrona and Rorsman observed 1966 that melanocytes
from red hair “uoresce more strongly than those from black hair 3], perhaps suggesting
that pheomelanin has a greater radiative yield than eumelam (which we con rm in this
chapter).

There have been several studies of the ultrafast absorption dymés and energy transfer
of pheomelanins, revealing that they have very short decaydiimes [274{277]. Similar to
eumelanin, it has been shown that pheomelanin does not exhilwomplete ground state
recovery after photoexcitation, suggesting that it might fom long-lived intermediates [276].
It has also been proposed that the ratio of absorbances at 650 nmdeb00 nm can be used as
a non-invasive indicator of the relative amounts of eumelamiand pheomelanin in solution,
due to the distinct di®erences in their spectra [278]. Otherwistne bulk of the spectroscopic
literature has focused on eumelanins, rather than their morehptoactive counterpart, the
pheomelanins.

In this chapter we present accurate °uorescence spectra for phsglanin that have been
corrected for re-absorption and inner Tter e®ects using the ntedd outlined in chapter 6.
The use of this method has also allowed us to accurately measuhe tradiative quantum
yield of pheomelanin, we believe for the rst time. We have usedysteinyldopa-melanin
(CDM) and dopa-melanin (synthetic eumelanin) as synthetic alogues for pheomelanin
and eumelanin respectively [279].
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Figure 8.2 : Oligomers of 1,4-benzothiazine obtained from oxidation ofcysteinyldopa under a
variety of conditions (from [267]).

8.3 Experimental

8.3.1 Sample preparation

CDM was derived from the tyrosinase-catalyzed oxidation of a ixture of L-dopa and L-
cysteine in the ratio 1 : 15, as described fully in reference [280]. The powder was dédtto a
range of concentrations (01% to 0005% by weight macromolecule) in high purity 18.2M-
MilliQ de-ionised water. To aid solubility, the solutions wereadjusted using NaOH to»
pH10, and gently heated with sonication. Pale brown, apparelyt continuous dispersions
were produced. Between measurements solutions were stored ankahess at 4C. Synthetic
eumelanin solutions were prepared as described in section #.3Fluorescein solutions (for
use as a radiative quantum yield standard) were prepared as debed in section 6.3.1 at
“ve di®erent concentrations (1£ 10 °% to 4£ 10 % by weight).

8.3.2 Absorption spectrometry

Absorption spectra were measured as described in section 4.3.2.

8.3.3 Fluorescence emission and excitation spectrometry

Fluorescence emission and excitation spectra were measured ascdeed in section 6.3.3
with an integration time of 0.5 s. All spectra were corrected fore-absorption and inner-
‘Tter e®ects using the method outlined in chapter 6. Quantum ylds were calculated as
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Figure 8.3 : Absorbance of CDM solution (0:001% by weight), (solid line: 0 days, dotted line:
10 days). The absorbance spectrum stabilised completely &fr approximately 10 days, and very
little further change was observed.

described in section 6.3.5.

8.4 Results and discussion

8.4.1 Absorption

The absorbance spectrum of CDM was monitored over a period of 8dys; initial and nal
absorption spectra are shown in “gure 8.3. Initially, small peakaere observed at approxi-
mately 240 nm and 330 nm; these decreased gradually over a pérad 10 days, after which
time very little change in the spectrum was observed. At the natime-point the CDM
absorbance spectrum was characteristically broadband, likeraelanin, increasing monoton-
ically towards higher energies. The peaks found in the initisspectrum were attributed to
small amounts of precursors (potentially benzothiazine or syeinyldopa units) which even-
tually polymerised.

Figure 8.4 compares the absorption spectra of CDM and eumelani Both increase
monotonically towards higher energies, although CDM does soome steeply. Since the
cysteinyldopa monomer has fewer crosslinking sites than eith®Hl or DHICA (the eu-
melanin monomers) it might be expected that CDM is structural} less disordered than
eumelanin. Possibly, then, there are fewer oligomers with alsbances in the visible range,
giving a steeper absorbance curve. Both spectra are extremelgse to exponential in shape
in wavelength space. Fit parameters are shown in table 8.1, Wwittting to the expression

A = ko + ko€l k2 (8.1)
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Figure 8.4 : Comparison of the absorbance spectrum for CDM (at 10 days) folid line) and
eumelanin (dotted line). The curves show sign cantly di®eren shapes, although both are broad-
band and almost entirely featureless. Spectra have been deal for shape comparison. Both are
exponential, tting parameters of which are shown in table 81.

ko (dimensionless) ki (dimensionless)| k, (nmi 1)
CDM 0.0013 4.19 0.0092
eumelanin -0.0073 1.98 0.0061

Table 8.1: Fit parameters for melanin absorbance spectra (shovin gure 8.4), as de ned
in equation 8.1. Both solutions were at a concentration of:001% by weight, with a 1 cm
absorption path length. CDM values are taken at 10 days, when ¢hsolution had stabilised.

8.4.2 Emission

The CDM emission spectrum exhibits two clearly resolved gaussiaegks that do not shift
over time, or with changes in excitation wavelength, as showin gure 8.5. The two peaks,
occuring consistently at 2278 0:08 eV (548 nm) and 2728 0:08 eV (458 nm) are evident
at all time-points and excitation wavelengths, and only varyin relative heights. Gaussian
“ttings were performed for all spectra according to the equation

| = N,ei [(Ei E1)=D1]* 4 N,e! [(Ei E2)=Da2l* L A (8.2)

All ts to a simple two gaussian model were excellent; a representa¢ example is shown in
“gure 8.6. The resulting t parameters are given in table 8.2.

The fact that the emission peaks do not shift with excitation waglength is a signi cant
di®erence between pheomelanin and eumelanin; recall fromapter 6 that the eumelanin
emission spectrum consisted of a single peak that showed a consistergration to lower

1As stated in an earlier section, all “tting has been performed in energy spaceH) since line broadening
is characteristically gaussian in energy (not in wavelength).
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(a) Excitation at 350 nm (b) Excitation at 380 nm

(c) Excitation at 410 nm

Figure 8.5 : Fluorescence of CDM solution (0001% by weight). Only key time points are
shown for clarity (solid: 0 days, dotted: 6 days, dot-dash: 10days). The spectrum stabilised
after approximately 10 days, and little further change was dserved. The small peak evident at
approximately 400 nm in some spectra is a remnant of the Ramarscattering peak that was not
completely removed by background subtraction due to lamp inensity °uctuations.

time | | excitation E1(@v) E2(V) | Np(cps) Nz (cps) | Dy (evil) Dz (evi?) | A (cps)
0 days 350 nm 2.17 2.59 24800 80600 0.227 0.483 7110
380 nm 2.24 2.69 69200 74100 0.286 0.287 2100

410 nm 2.26 2.72 78100 43900 0.301 0.235 -1350

6 days 350 nm 2.21 2.73 103000 183000 0.248 0.369 15500
380 nm 2.31 2.76 188000 236000 0.329 0.222 -1690

410 nm 2.27 2.73 187000 143000 0.270 0.228 -383

10 days| 350 nm 2.22 2.76 15200 227000 0.181 0.540 1150
380 nm 2.34 2.75 146000 226000 0.280 0.257 4790

410 nm 2.33 2.75 143000 126000 0.284 0.245 -258

Table 8.2: Gaussian t parameters to CDM °uorescence spectra. Paneters are as de ned
in equation 8.2.
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Figure 8.6 : Fluorescence of CDM (6 days, 380 nm excitation) with doublegaussian t (as per
equation 8.2). The excellent 't of the double gaussian is repesentative of all spectra. Open circles:
experimental data, solid line: t, dotted line: peaks 1 and 2.

energies as the excitation energy was reduced. This suggesiat twhile eumelanin is domi-
nated by chemical disorder, CDM may have fewer species contiting to radiative emission,
giving rise to only two peaks that do not shift with varying exciation wavelength. The two
peaks could be representative of two distinct chemical species,two collections of chemical
species with very similar excitation energies.

It is possible that the synthetic method for the CDM used here codlproduce a sample
that is a mixture of CDM and eumelanin (dopa-melanin). This wuld produce two peaks
in the CDM spectrum (one due to pure CDM, the other due to eumetan). We believe
that this is not the case, however, since neither of the peaksicoide with the seperately
measured eumelanin peak when excited at the same energy (as shaw gure 8.7), and

Figure 8.7 : Fluorescence of CDM (stabilised at 10 days, solid line) angtumelanin (dotted line)
with excitation at 380 nm.
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(a) Height of low energy peak ( em =548 nm) (b) Height of high energy peak ( em =458 nm)

Figure 8.8 : Relative heights of the two gaussian CDM emission peaks ovdime (parameters
N; and N» as de ned in equation 8.2, and listed in table 8.2). Solid line , ¢x = 350 nm, dotted
line: , ex =380 nm, dashed line: , ex =410 nm.

neither peak shifts with excitation energy in the same way. letrestingly, Gallas and Eisner
[232] observed a double peaked eumelanin spectrum (not CDM)ih@ugh their spectra
showed an isosbestic point at 470 nm which we do not observe in our cpa.

As for the absorbance spectrum, we believe that the changes olyger in the emission
spectrum over time are due to a combination of high pH-inducedopymerisation of remnant
low molecular weight precursors and pheomelanin autooxidah (which is known to increase
°uorescence [237]). However, we do not believe this process todoeninated by oxidation,
since this would also result in increased absorbance at long waraths (which is not ob-
served). This suggests that we are mainly observing a polymerigat reaction. The relative
heights of the two peaks determined from the gaussian ttingN; and N, listed in table
8.2) have been plotted in gure 8.8. Over time we see that the Higr energy peak (at 458
nm) increases in intensity, and then appears to stabilise (exdewhen excited at 350 nm),
whereas the lower energy peak (at 548 nm) increases initialtiien decreases. This suggests
that the concentrations of the two sub-populations of oligoers responsible for these peaks
are changing over time as the CDM polymerises. Possibly, the lanenergy peak is due to a
small oligomeric species that increases in concentration iiailly, then gradually polymerises
into larger units (which potentially give rise to the higher @ergy peak).

8.4.3 Excitation

Figure 8.9 shows °uorescence excitation data for CDM. These spectvere measured after
the CDM had stabilised (at 10 days), and have been fully correalefor re-absorption and

inner Tter e®ects. The detection wavelengths (465 nm and 550 pmvere selected since they
are close to the positions of the two peaks observed in the °uoresce spectra. We can
see that the higher energy peak (at 458 nm) will show maximum ession when excited at
approximately 380 nm. The lower energy peak (at 548 nm) will slv maximum emission

when excited at approximately 395 nm. As discussed in the previ®ahapter, the “uorescence
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Figure 8.9 : Fluorescence excitation of CDM solution (Q001% by weight) after 10 days. Solid
line: , em =465 nm, dashed line:, em =550 nm.

excitation spectrum typically has the same shape as the absomti spectrum, but this is
clearly not the case for CDM. This suggests that the processes ofgbbn absorption and
photon emission are not closely linked in CDM (they are likely sepated by a great deal of
coupling to phonon modes of the system, or other non-radiativelaxation processes). This
result highlights the need for accurate radiative relaxatio quantum yield data for CDM, to

better understand the relationship between photon absorptioand emission.

8.4.4 Radiative quantum yield

The use of the re-absorption correction method outlined in clpter 6 allowed accurate mea-
surement of the radiative quantum yield of CDM, shown in gure 80. The yield was
monitored for a period of 24 days. Note that as for eumelanin thgeld is extremely small,
approximately 0.2%. This means that 98% of the energy absorbed by CDM is dissipated
via non-radiative pathways. Calorimetry measurements for gomelanins would allow a
distinction between the various non-radiative pathways. We sgethat over time the yield
initially increased, and appears to have stabilised after the st 10 days, with some minor
°uctuations. The stabilised quantum yield values at each exciteon wavelength are shown
in table 8.3. It is surprising that the yield increased over timgsince we suspect that the
concentration of small monomeric and oligomeric species waslucing over this time, and
these species are known to have higher radiative yields [16AHditionally, this result is in-
consistent with the results reported in chapter 10 (as DHICA polyerises to form eumelanin
the yield decreases substantially). This nding should be expled further.

It is clear that like eumelanin, the radiative quantum yieldof CDM is dependant upon
the excitation wavelength [245], suggestive of chemical hetgeneity. It is interesting to
note that the yields when excited at 380 nm and 410 nm are verynsilar at all time points,
but the yield at 350 nm is always signi cantly lower. This is beause the consistently higher
absorption at 350 nm is not re°ected in an increase in °uorescencénen excited at that
wavelength (the integrated intensity is very similar to that when excited at 380 nm). This,
combined with the fact that the peak height results ('gure 8.8)showed di®ering behaviour
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Figure 8.10 : The quantum yield of CDM over time. Solid line: , e&x = 350 nm, dotted line:
., ex = 380 nm, dashed line: , ex =410 nm.

. ex (M) | radiative quantum yield (%)
350 0.1438 0.008
380 0.198 0.01
410 0.198 0.01

Table 8.3: Radiative quantum yield values for CDM (at 10 days)

for excitation at 350 nm suggests that the relaxation process #tis wavelength is di®erent
to that at 380 nm and 410 nm. Interestingly, there is a trough agered around 350 nm
in the °uorescence excitation spectra (‘gure 8.9) for both detéion wavelengths. Further
spectroscopic studies should take this into account by observibhghaviour when excited at
350 nm, in addition to other wavelengths.

Figure 8.11 compares the radiative yield of CDM to that preusly measured for eume-
lanin. Most signi cantly, the radiative quantum yield of CDM, although very small, is ap-
proximately twice that of eumelanin. This perhaps re°ects tk fact that eumelanin is known
to be a better photoprotectant than pheomelanin. Since rekation via phonon modes occurs
on a signi cantly shorter timescale than °uorescence (picosecondather than nanoseconds
[245]), a larger number of CDM oligomers will remain excitedntil relaxing radiatively, po-
tentially related to pheomelanin's higher photoreactiviy. We also see that the yield for CDM
follows a di®erent trend with excitation wavelength to that 6r eumelanin, indicating that
although these two molecules are very similar in many ways, thelo have di®erent energy
dissipation behaviour.
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Figure 8.11 : The quantum yield of CDM (at 10 days, solid line) and eumelarin (from chapter
6, dashed line).

8.5 Chapter conclusions

In this chapter we present a quantitative study of the emission ahexcitation properties
of CDM, a synthetic analogue of pheomelanin. We nd that the sp&@ are fundamentally
di®erent to those for eumelanin, having two distinct broad peakwhich do not shift with
excitation wavelength. We have also accurately measured ratlve quantum yields for CDM,
showing that although the yield is twice that of eumelanin, itis extremely low (02%),
consistent with pheomelanin's role as a primary photoproteant.



Quantitative spectroscopy of
5,6-dihydroxyindole-2-carboxylic acid
(DHICA), a key eumelanin monomer

9.1 Chapter abstract

We report accurate, quantitative spectroscopic measurementsr 5,6-dihydroxyindole-2-
carboxylic acid (DHICA), a key eumelanin monomer. The DHICA exhction coezcient
shows two peaks at 3.8 eV and 4.2 eV, consistent with previous stadi The excitation
spectrum shows peaks in identical locations but with di®erenelative heights, suggesting
unusual excitation energy dependance in the radiative quamn yield. Emission spectra
have a single gaussian peak at 3.1eV that is independant of eatibn energy which suggests
radiative emission occurs from a single electronic state in thsystem. The absence of a
second peak in the emission spectrum causes violation of the mirnmage symmetry rule,
which we propose is due to convergent adiabatic and nonadidizaexcited-state intramolec-
ular proton-transfer (ESIPT) processes. This suggests that intrmonomer proton transfer
may contribute to energy dissipation in eumelanin.

9.2 Chapter introduction

Interest in DHICA has predominantly stemmed from its role as a mwomer in the macro-
molecular eumelanin pigment. Eumelanin is dixcult to study ad model accurately due to its
extreme heterogeneity, but the eumelanin monomers (DHI andHDCA) o®er a much more
controlled and easily characterised system. It is hoped that by wilying and understanding
the electronic, structural and physical properties of the mammers we may extrapolate to
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dimers and larger oligomers, and eventually to the eumelanmacromolecule.

It has also been suggested that the monomers may actually havelbigical functionality
themselves, apart from their involvement in eumelanin pigménDHI and DHICA are found
in signi cant amounts in epidermal tissue and body °uids [105], ahDHI, DHICA and the
eumelanin macromolecule have all been shown to have excellgmrogen donor activity (and
therefore antioxidant activity), with both precursors beirg more excient than eumelanin
[188]. This suggests that photoprotection by eumelanin may s involve scavenging of
free radicals (produced by UV exposure) by the monomeric prasors [105, 158, 281{283].
Conversely, it has also been proposed that the eumelanin presars may be involved in
the paradoxical cytotoxic e®ects of melanin [214, 281, 28842 285]; DHI in particular is
known to exhibit potent cytotoxicity [286], and it has been sbwn that DHICA can induce
DNA strand breaks with UVA irradiation via a mechanism involvingreactive oxygen species
[287]. The paradoxical "photosensitising vs photoprotectihgction of DHICA is a fascinating
property of this system [288]. Additionally, it has even been sggsted that DHICA functions
as a chemical messenger mediating interaction between actimelanocytes and macrophages
in epidermal inammatory and immune responses [289]. Hence thengelanin precursors
(DHI and DHICA) are themselves interesting subjects of study.

There is a limited amount of spectroscopic data available for I and DHICA. DHI
absorbance is double peaked with maximum absorbance at 296 nndaa shoulder at 270
nm (in deaerated water) [188, 214, 290, 291]. DHICA also has auibte peaked spectrum
with a main peak at 323 nm and a shoulder at 300 nm (in pH 9 water)’$, 188, 214,
287, 291]. The red-shifting of the DHICA peaks relative to DHI ishought to be due to
increased delocalisation over the carboxyl group [188]. Bo#pecies are known to exhibit
blue °uorescence [188, 291] and Zhang et al. report excitatioraxima at 330 nm for DHI and
345 nm for DHICA (monitoring °uorescence at 420 nm). We were unébto nd published
emission maxima, emission or excitation spectra or radiative qotm yield values. Radiative
emission is known to be a signi cant de-excitation pathway for DHIA, so it is surprising
that there is not more literature about its emission propertis. This highlights the need for
an accurate quantitative study of the spectroscopic propertieof the eumelanin precursors.

An accurate knowledge of the K ,'s of these monomers is essential for understanding
the polymerisation processes that occur in eumelanin formatip and the interesting pH
dependant behaviour of these molecules. The best estimates cdmnmoen Charkoudian and
Franz [292], who measure thel,'s of DHI to be 9.54 and 13.09, and thek,'s of DHICA to
be slightly higher at 9.76 and 13.2, with a third K , for DHICA discernable at 4.25. Murphy
et al. assign the K ,'s of DHI to the 5-hydroxyl group dissociation (K ; = 8.9) and the
6-hydroxyl group dissociation (K 5 > 10:2) [290]. We could not nd similar assignments
for DHICA, although it seems likely that the pK ; for DHICA discernable at 4.25 is due
to dissociation of the carboxylic acid proton, with the two higner pK ,'s attributable to the
5- and 6-hydroxyl group dissociations. The work presented in thichapter is all performed
in a pH 9 bu®er; considering the g ;'s for DHICA we might expect the molecule to be
monoanionic stateCA shown in gure 9.1. However, macroscopickp,'s of multiprotic
acids with interacting sites do not correspond to individual & pK ;'s, but rather represent
averages over all pathways connecting the ensembles withand n j 1 protons [50, 293].
Since the pH of this study is close to the g ;'s of the catecholate groups we must consider
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Figure 9.1 : Three possible DHICA monoanions present at pH9 with nomenlature (from [50])

all the possible DHICA monoanions shown in gure 9.1 to be possibly ggent in solution
(consideration of dianions is not necessary since we are below gecond macroscopickp,,
so the ratio of dianions to monoanions should be small) [50].

Quantum chemical study of eumelanin precursors has focused ma@n DHI than DHICA
since it is a smaller and simpler molecule which favours comptitanal analysis. Density
functional theory (DFT) has been used extensively to model DHIGE, 78, 79], and recently
also the approximated singles-and-doubles coupled-cluster thied [294]. Where larger eu-
melanin oligomers are concerned, almost all calculationsveainvolved oligomers of DHI
only (DHICA has not been considered); Galvao and Caldas considd only DHI in their
landmark Huckel analysis of eumelanin [61{63], as have autlsoof DFT studies of eumelanin
oligomers [73{75, 80, 82]. While these studies form an excatlerst level of modelling, we
believe that it is important to consider the unique charactastics of DHICA in this system.
The two eumelanin precursors are known to have di®erent propies, so conclusions about
the electronic properties of DHI should not be extended necesiarto DHICA, and this
important species should be considered seperately. DHICA shoults@ be considered in
any modelling of the whole pigment system; DHICA is known to fornan important part of
natural eumelanin, and in some cases ful lls an integral role.oF example, the proportion of
DHICA-derived units in the pigment of some rodents is as high a88%, and eumelanin found
in the eye of the cat sh is known to consist of pure DHICA-melanin [§3(care is required
in this interpretation however, since degradation processeseaknown to produce carboxylic
acid units even in pure DHI-melanin which may confuse some expaental results [295]).
The DHICA carboxyl groups are believed to signi cantly alter tre properties of the pig-
ment [296]; pure DHI and DHICA pigments have been shown to have amurably di®erent
properties, including di®erent colours (DHICA eumelanin is lown whereas DHI eumelanin
is black) [104]. Therefore we believe that it is important taconsider the role of DHICA in
eumelanin.

To our knowledge, there are only two pre-existing quantum chacal studies of DHICA.
The properties of isolated DHICA in vacuo were studied via DFT ir2005 by Powell [77]; this
study con rmed that the carboxylation has a signi cant e®ect on th molecular properties
such as the excitation energy. This study was later extended ©HICA dimers, showing
that dimerisation red-shifts excitation energies [76]. Theikirational properties of DHICA
have also been studied via DFT by Okuda et al. in a very recent plibation; this shall be
discussed in detail in chapter 11 [297].

We report here a comprehensive analysis of the spectroscopicpgedies of DHICA for
two reasons; rstly because DHICA is much less well studied than DHI ande seek to
investigate the properties of this second monomer, and secondiecause DHICA is much
more stable than DHI in solution. Several studies agree that wiilDHI is very susceptible to
air oxidation and rapidly reacts to form eumelanin pigmentPHICA is more stable in solution
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(at alkaline pHs it may take minutes or hours to oxidise, and atedic pHs it is entirely stable)

[214, 292, 298]. The relative stability of DHICA in solution albws measurements that may
take some time to be performed accurately on the pure system (suak the determination

of the radiative quantum yield). These accurate spectroscopiesults, available for the

“rst time, have led to very comprehensive and sophisticated quamin theory calculations

for DHICA, which identify characteristic de-excitation pathways for DHICA, as shall be
outlined at the end of this chapter.

9.3 Experimental

9.3.1 Sample preparation

To synthesise DHICA, the procedure of Wakamatsu and Ito was followg299]. DL-DOPA

was purchased from Sigma, and all the other reagents were cosrmially available and used
as such. DL-DOPA (1 g, 5 mmol) was stirred in water (500 mL). In vaminutes, a solution of
K3[Fe(CN)e] (6.6 g, 20 mmol) in 60 mL water was added. A wine-red solutionas obtained
which was mixed with 70 mL of 1 M NaOH solution to raise the pH to 13The solution was
stirred under argon for 20 mins, acidi ed to pH2 with 6 M HCI ¢ 17 mL), and extracted
with ethyl acetate (3£ 100 mL). The combined organic extracts were Itered, and thegle

brown Tltrate was washed rst with brine (100 mL) containing 0.19g (1 mmol) N&S;0s,

then with brine (2£ 200 mL), and dried (anhy. NaSQO,). Evaporation of solvent resulted in
1 g of pale brown solid, which was dissolved in a minimum amount atetone by warming.
Addition of hexane gave initially a brown oil which was discared. The supernatant solution
was transferred into a clean beaker and the addition of hexamentinued when 5,6-DHICA
separated as a white material. Filtration provided 264 mg (2%) of the compound compound
which was pure by TLC (5% EtOH - CHCE) and NMR spectroscopy, as described below.

9.3.2 Sample characterisation

'H NMR and '3C NMR (500 and 125.758 MHz respectively) spectra were recorded @
Bruker Digital NMR, Avance - 500 spectrometer in g¢-DMSO. Splitting patterns are desig-
nated as: s, singlet, br, broad, m, multiplet. Results were as fols:

!H NMR (dg-DMSO):+ = 11.08 (s, 1H, NH); 9.02 (br, OH), 8.55 (br, OH), 6.85 (s, 1H,
H-3); 6.81 (m, 1H, H-4), 6.76 (s, 1H, H-7). L& (dg-DMSO) + = 12.3 (br, COOH), 11.09
(NH); 9.08 (br, OH), 8.57 (br, OH), 6.87 (s, H-3); 6.80 (m; H-4); 6.76s( H-7).

13C NMR: (d¢-DMSO0): + = 162.8 (COOH), 146.1 (C-5), 142.0 (C-6), 132.6 (C-8), 125.8
(C-2), 119.9 (C-9), 107.1 (C-4), 104.9 (C-3), 97.0 (C-7). 12 (dg-DMSO) == 162.9 (COOH),
146.3(C-5), 142.2 (C-6), 132.8 (C-8), 125.9 (C-2), 120.1@}, 107.3 (C-4), 105.1 (C-3), 97.1
(C-7).

An El Mass Spectrum was recorded on a Kratos MS25 RFA via direchgertion probe
at 70 eV and source temperature of 20Q. Results were as follows: m/z (%): 193 (¥, 34),
175 (M* - H,0, 33), 149 (M - CO,, 48), 121 (5), 103 (15), 44 (C@ 100). Lit% m/z (%)
=193 (99), 175 (100), 149 (12), 148 (5), 147 (45), 146 (5), 189, 119 (8), 101 (5), 63 (8),
43 (12).
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An infrared spectrum (IR) was recorded on a Perkin EImer Speatm 2000 FT-IR spec-
trometer. Group frequencies in cm! were as follows: 3411 (s, NH), 3244 (s, broad, OH),
1658 (ss, C=0), 1525 (s), 1437 (w) 1339 (w), 1221 (ss), 1161(ss), 83)1 {70 (s), 609 (s).

9.3.3 Optical spectroscopy

For optical spectroscopy measurements the DHICA was solubilised & pH 9 borax bu®er
solution (80 ml of 0.05 M borax with 20 ml of 0.2 M boric acid [3JR Sonication for ten
minutes ensured complete solubilisation. Five DHICA concenttians between 07 £ 10 °
mol Li * and 22 £ 10 ° mol L' * were used (for the purpose of determining the radiative
quantum yield).

Absorbance spectra were recorded as described in section 4.3.&h & nm bandpass
slit widths. Emission spectra were recorded as described in secti6r8.3 with excitation
wavelengths of 323 nm, 350 nm and 380 nm, excitation and emissislits set to 2 nm
bandpass, and an integration time of 0.5 s. Excitation spectra werecorded with identical
instrument parameters and a detection wavelength of 400 nm.oBent backgrounds were
recorded and subtracted after a re-absorption correction wapplied, as described in chapter
6.

Radiative relaxation quantum yields at three excitation waelengths (323 nm, 350 nm
and 380 nm) were calculated using the standard procedure ountid in section 6.3.5. Quinine
sulfate was used as a standard, in 0.1 MJ80O,, at ve concentrations between £ 10 ° and
5£ 10 °> mol Li * (literature quantum yield of 0.54 [301]). Corrections for&-absorption and
inner Tter e®ects were applied throughout.

9.4 Results and discussion

9.4.1 Extinction coezcient

The measured absorbance peaks of DHICA shown in gure 9.2 t well t@gssians (in energy
space) with peaks at 3.8 eV (323 nm), 4.2 eV (300 nm) and 6.2 eV (200 pniThe extinction
coexcient agrees well with that previously published by Zhangtel. [188], both in shape
and intensity. Di®erences may be attributed to the di®erent sawnts used (borax bu®er,
compared with wet acetonitrile as used by Zhang et al.). The jp&s are notably more clearly
resolved in this study, which highlights the signi cant e®ect thiathe solvent can have upon
the spectroscopic properties of DHICA. Very recent experimenigithin our group suggest
that the borax bu®er may form a complex with the DHICA catechol& groups which inhibits
polymerisation and causes the observed di®erences in absorbdrateeen this study and the
results published by Zhang et al. This intriguing possibility isunder current investigation
and has very signi cant implications for the interpretation d the results reported in this
chapter. We have included the most up to date information thatvas available at the time
of submission of this thesis, but we direct the interested reader ®ubsequent publications
for further results.

1As stated earlier, all curve Ttting has been performed against energy, rather thanwavelength, since
solvent broadening is expected to by symmetric in energy.
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Figure 9.2 : Extinction coezcient of DHICA, as measured in this study (solid line), compared
with that previously published by Zhang et al. (dotted line) [188]. The peak positions and relative
heights are in good agreement; di®erences may be attributeatthe di®erent solvents (borax bu®er,
compared with wet acetonitrile).

, ex (NM) | FWHM (eV) | emission peak (eV)

DHICA 323 0.6 3.1
350 0.6 3.1

380 0.6 3.1

eumelanin 380 0.7 2.6
quinine 250 0.5 2.8
°uorescein 490 0.2 2.4

Table 9.1: Properties of single gaussian emission spectra for DHIC&ymelanin, and other
organic molecules for comparison.

9.4.2 Emission spectra

Emission spectra of DHICA are a single gaussian (in energy), centérat 3.1 eV (400 nm),
regardless of excitation energy (‘gure 9.3). Table 9.1 compes the properties of the emission
peak of DHICA with that of other molecules that show a single pe&k emission spectrum.
The DHICA spectrum is broad, although not unusually so. DHICA has a&imilarly shaped
emission spectrum to eumelanin (re°ected in the similar FWHM), thenain di®erences being
a signi cantly greater intensity, and a smaller Stokes shift (theemission of DHICA is blue-
shifted from that of eumelanin by 0.5 eV). The fact that the shapeand position of the
emission spectrum of DHICA is independant of excitation energyrsingly suggests that all
emission occurs from one energy level, higher energy absonptleing dissipated via non-
radiative processes to that state. This is a very signi cant ndingand should be investigated
over a larger range of excitation energies.

As seen from gure 9.4, DHICA exhibits a typical Stokes shift of 0ZeV. More unusually,
DHICA also exhibits violation of the mirror image rule. It is predicted for simple organic



9.4 Results and discussion 127

Emission (arb. units)

© o o o o B~
o M M o ® ©
1 1 ]

| | | | | 1
350 400 450 500 550 600
Wavelength (nm)

Figure 9.3 : Emission spectra of DHICA for various excitation wavelenghs, scaled for qualitative
comparison (note that the emission intensities varied by a &ctor of 100 due to the variation in
absorbance at each excitation wavelength). Solid line;, e¢x = 323 nm, dotted line: , ¢x = 350 nm,
dashed line: , ¢x = 380 nm.

Figure 9.4 : Scaled absorption / energy (blue, right peak) and emissiori energy? (red, left peak,
., ex = 323 nm) spectra of DHICA. These peaks typically form a mirror image. The symmetry here
is clearly broken by the absence of a shoulder in the emissiospectrum and the larger FWHM of
the emission.

molecules that the emission spectrum should be a mirror image dfet absorption spectrum
when plotted as shown in gure 9.4 due to the laws of quantum meahics [245]. This
is clearly not the case for DHICA, since the shoulder evident in thabsorption spectrum
is absent in emission, and the emission peak is signi cantly broademhese observations
suggest that the de-excitation pathways in DHICA are non-trival and worthy of further

investigation.

9.4.3 Theoretical calculations

These accurate quantitative spectroscopic measurements haleweed comparison to sophis-
ticated quantum chemical calculations [50] which are outled brie°y here. As discussed in
the introduction to this chapter, the monoanions shown in gue 9.1 are the most likely
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Figure 9.5 : The proposed excitation and de-excitation pathways of DHICA, based on quantum
chemical calculations and these experimental obervationgfrom [50])

structures to be present in solution at pH 9 (based on the knowrKp,'s of this system). Cal-
culations universally suggest thatCT-1 is energetically favoured in the ground state, and
hence is likely to be the prevalent species in solution in the sénce of excitation.So ! S;
andSy ! S, transition energies in the ground and excited states were calated for all three
monoanions via sophisticated quantum chemical methods. Thesguwes and the known ten-
dancies of each quantum chemical method to underestimate ovepestimate energies by
various amounts were then compared to the experimental etaion and emission energies.
Based on these results, it was proposed that the scenario outlined gure 9.5 is the most
consistent with our experimental measurements and quantum aimécal calculations on this
system. Within this model,CT-1 is the main absorbing species, with aB, ! S; absorbance
at 3.8 eV and anSy ! S, absorbance at 4.2 eV. These states then decay via excited state
intramolecular proton transfer (ESIPT) processes to thes, state of CT-2 (adiabatically
from S; and non-adiabatically fromS,). The S; state of CT-2 then decays via radiative
emission to itsSy state (3.1 eV), which then undergoes the reverse reaction to ferground
state CT-1 once again.

This model explains the mirror image violation of DHICA specta, and gives a novel
insight into possible non-radiative de-excitation pathwaysdr eumelanin (which are known
to be of critical signi cance). For more details of the calculéons, please refer to the pub-
lication (reference [50]). Further work is underway to conm the validity of this model,
including further quantum chemical calculations, titration studies of DHICA, and investiga-
tion of the e®ect of the borax bu®er (through possible chelatingteéractions with the DHICA
catecholate group).

9.4.4 Excitation spectra

The excitation spectrum of DHICA, as shown in gure 9.6, reveals v gaussian peaks (in
energy space), centered at 3.8 eV (323 nm) and 4.2 eV (300 nmipterestingly, Zhang et
al. report the excitation maximum for DHICA to be at 345 nm, wh& monitoring emission
at 420 nm [188], which is quite di®erent to our result. We believthis is likely due to
di®erences in solvent (Zhang et al. used wet acetonitrile), higghting again the signi cance
of the solvent e®ects upon absorption and emission properties. Areahative explanation
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Figure 9.6 : Comparison of the DHICA absorbance spectrum (right axis, dtted line) and
excitation spectrum (left axis, solid line). Note that the r elative scale of the two graphs is arbitrary,
and has been chosen for ease of comparison of their relativeapes. , em = 400 nm.

is that this discrepancy is due to the di®erent probe wavelertggt used (420 nm rather than
400 nm as used here); emission from multiple species may mean veeraeasuring a di®erent
emission peak. Our emission spectra results ( gure 9.3) make this seanlikely, however,
since we observe the identical emission spectrum shape regardléssxoitation wavelength.
This suggests that we are observing emission from a single electedevel of a single species.
To resolve this issue we recommend as future work the measuremehta full °uorescence
map for DHICA (in a manner similar to that outlined in chapter 7) with a variety of solvents
and pHs.

The excitation spectrum corresponds qualitatively with the bsorbance spectrum (also
shown in gure 9.6), which also has two peaks of similar relativeelghts occuring at the
same energies. The peak at 4.2 eV shows an increased intensityafre¢ to the 3.8 eV peak)
in the excitation spectrum. Because the emission peak appeardi® at 400 nm regardless of
excitation wavelength, this di®erence between the absorb@@nd excitation spectra suggests
an excitation energy dependance in the radiative quantum gid of DHICA. Based on these
spectra, we propose that the radiative quantum vyield for exdtion at 4.2 eV (300 nm) is
greater than that at 3.8 eV (330 nm).

9.4.5 Radiative quantum yield

The quantum yield of DHICA was measured at three wavelengths: 32nm (maximum
absorbance), 350 nm (absorbance is small) and 380 nm (absorbarsceegligible). Figure
9.7 shows the linear regression that was used for determinatiohtbe quantum yield at 323
nm. Note that it was necessary to correct for reabsorption and irm Iter e®ects to recover
the linear relationship of the data [47, 163]. After correctio the points are linear and the
regression passes through the origin, con rming the good qualitf our data.
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Figure 9.7 : Integrated emission vs absorption coezcient for "ve concentations of DHICA
excited at 323 nm. The gradient of the linear regression show was compared with that of a
standard solution for determination of the DHICA quantum yi eld at 323 nm.
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Figure 9.8 : Radiative quantum yield of DHICA for various excitation wa velengths.

The quantum yield of DHICA was found to depend upon the excitabn wavelength, as
shown in gure 9.8. This is highly unusual for a simple well behademolecule such as DHICA.
We believe that in this case it is due to uncertainty in the absdrance measurement at 380 nm.
With the very low absorbance at this wavelength e®ects such asnor scattering and initial
polymerisation of the pigment have become signi cant and haveagsed an overestimate of
the absorbance. This has led to a signi cant underestimation ohé radiative yield at that
wavelength. We caution that future measurements of the radi@e yield of these systems
should be performed where absorbance is substantial.

The yield measurements at 323 nm and 350 nm are thought to beigddle, and these are
within error of each other, giving the yield of DHICA to be appoximately 60%. Examina-
tion of the excitation spectrum indicates that both of these masurements are probing the
adiabatic CT-1 S; ! CT-2 S; transition, and hence would be expected to have the same
radiative yield (since they probe the same process). A measurernefthe yield at 4.2 eV
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would be instructive to determine whether the discrepancy beten the excitation spectrum
and the absorption spectrum is in fact due to energy dependantethe radiative yield, and
to probe the non-adiabaticCT-1 S, ! CT-2 S; transition.

A radiative quantum yield of 60% for DHICA is typical of a moleale of this nature,
and is consistent with our expectations. Note that the yield of DHTA is much higher than
that of eumelanin, which has been determined to be less thanl® (see chapter 6). This
suggests that covalent bonding of the eumelanin monomers siguaintly lowers the radiative
yield of these species; this is consistent with other experimehtabservations within our
group, and further work measuring the spectroscopic properseof eumelanin dimers and
larger oligomers is underway to con rm this hypothesis. The fldwing chapter reports how
the radiative yield changes as DHICA polymerises to form eunalin, to probe this process
further.

9.5 Chapter conclusions

We have made the rst comprehensive quantitative study of the UV/\& spectroscopic prop-
erties of DHICA, and based on these observations and sophisticatedagtum chemical
calculations proposed a scheme for the radiative and non-ratlive processes in DHICA.
This study forms an essential basis for further study comparing tghproperties of eumelanin
monomers, dimers and oligomers, leading towards an understamgl of how they contribute
to the structure and energetics of eumelanin. These accuratguantitative spectroscopic
measurements of this fundamental component of eumelanin hlgyht the importance of this
spectroscopic study and lead the way for more substantial studiespei cally, we propose
that more work to characterise the pH dependant properties @HICA would be worthwhile,
and would allow con rmation of the theoretical model proposedAdditionally, an accurate
radiative quantum yield measurement at the 4.2 eV DHICA absorbae peak should be
performed.
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Spectroscopic observation of eumelanin

formation

10.1 Chapter abstract

A solution of DHICA was observed spectroscopically as it evolved form eumelanin. The
extinction coexcient was observed to form the broadband eunaiin spectrum, and the
radiative emission decreased gradually to the very low valuesepiously measured for eume-
lanin. Signi cantly, the shape of the emission spectrum did not enge over time, indicating
that DHICA was the only “uorescencent species in the solution witan appreciable radiative
guantum yield. This allowed us to determine the percentagd ®HICA remaining in solution
at each timepoint. It also indicates that DHICA dimers and largr oligomers have very low
radiative quantum yields. Emission and excitation spectra at ta nal timepoint were in
good agreement with those previously measured for eumelanimdashow the same depen-
dance upon excitation energy. The radiative quantum yield as measured over time, and
observed to decrease gradually until it reached the very low @ characteristic of eumelanin.
These results are consistent with the chemical disorder structurenodel of eumelanin.

10.2 Chapter introduction

It has long been known that UV illumination of early melanin pecursors in the presence
of oxygen causes chemical reactions that lead to the formati@f melanin. In 1937 Arnow
showed that UV illumination stimulates the formation of dopa fom tyrosine [302], and
Chedekel et al. later showed that both UV light and ionizing rathtion cause dopa to
polymerise into melanin [303].

Both DHI and DHICA are also known to be photolabile. DHI is more reetive to UV

133



134 Spectroscopic observation of eumelanin formation

illumination than DHICA; the quantum yields for photodestruction by 300 nm photons has
been shown to be © = £ 8§ 0:8% for DHI and © = 3:38 0:3% for DHICA [214]. One
could argue that photoinitiation of polymerisation is not bologically relevant since melanin
synthesis occurs in melanocytes which are relatively deep ihet skin and hence would not
be expected to be exposed to substantial levels of UV radiationt ik believed, however,
that in vivo only the initial oxidation of dopa is under enzymatic contrg so the initiation of

later steps via other means (such as chemical stimulation of &tintermediates) should be
biologically relevant [303]. The use of enzymatic polymerigan in vitro is prohibited by the

extremely slow rate-determining steps involved. Note also thatopaquinone (in addition to

cyclodopa and cysteinyldopa) plays an important role in prowoting oxidation of DHI [84].

Several recent studies report absorption spectra as DHI and DHICpgolymerise to form
eumelanin. Charkoudian and Franz observed the oxidation of H} in air at pH 9 and
showed a substantial increase in oscillator strength over time [29 This is a surprising
result, completely at odds with our ndings in chapter 5. They &o described the formation
of a precipitate over time, so we suspect that they were instead oty observing an increase
In scattering from their solutions. Scattering intensity is depndant upon the particle radius
to the sixth power (as described in chapter 4), so even a small iearse in aggregation will
lead to a substantial increase in optical density. A similar study Yy Tran et al. on the
absorption spectrum of DHICA as it polymerises to form eumelaniis more consistent with
our ndings in chapter 5. These authors do not calculate osciliar strengths, but it is clear
from the reported spectra that it does not increase substantigllover time [76].

UV-visible di®erence spectra for DHI and DHICA have both been shown txhibit
isosbestic points, suggesting initial photoconversion into a simgphotoproduct [214]. For
DHICA, these intermediates were stable for minutes to hours, wheas for DHI they poly-
merised further much more rapidly. This intermediate is likly to be a particular dimer,
although it has not been isolated or characterised thus far. Ehwork reported in this chap-
ter aims to quantitatively observe the spectroscopic changebdt occur as DHICA forms
macromolecular eumelanih to perhaps nd clues as to the intermediates that are formed
during this process and therefore better understand the molalar structure of eumelanin.

10.3 Experimental

10.3.1 Sample preparation and characterisation

DHICA (5,6-dihydroxyindole-2-carboxylic acid) was prepagd and fully characterised as de-
scribed in section 9.3.1. For spectroscopy measurements it wasubdised in a pH 9 borax
bu®er solution as described in section 9.3.3.

It is important to note that natural melanin is thought to contain a combina tion of DHI and DHICA,
intimately copolymerised, in varying ratios depending upon the source of the melnin. The results discussed
in this chapter should be interpreted with the understanding that this is a simpli ed mo del system consisting
of only DHICA.
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Figure 10.1 : The extinction coexcient as DHICA evolves to form eumelanin.

10.3.2 Optical spectroscopy

DHICA was found to be very stable in the pH 9 bu®er solution, as opped to previous
evolution studies, where a more alkaline pH was used. Therefadow intensity hand-held
ultra-violet lamp was used to induce polymerisation for time eriods as indicated. This
provided a method of accurately controlling the degree of panerisation as desired. The
following (cumulative) illumination times were used: For egitation at 323 nm: 0, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, 120, 240 minutes. For excitation3&0 nm and 380 nm, and for
excitation spectrum of emission at 400 nm: 0, 20, 40, 60, 80, 1200, 240 minutes. For the
“nal time-point, a suxcient quantity of very strong NaOH was addedto overcome the bu®er
solution and increase the pH to approximately 12. The solutionsere allowed to stand for
one hour, then measured for the nal time.

Absorbance spectra, emission spectra and radiative quantum yisldiere recorded at each
timepoint as described in section 9.3.3.

10.4 Results and discussion

The extinction coexcient was measured as DHICA evolved to formuenelanin, as shown
in gure 10.1. The main peaks at 3.8 eV, 4.2 eV and 6.2 eV reducead height, and peaks
at other wavelengths appeared until the (mostly) broadband srtrum of eumelanin was
reached. As DHICA polymerises to form other species (dimers, trers and larger oligomers),
the concentration of DHICA decreases (causing the decrease ingh of the initial peaks
characteristic of the monomer). The newly formed species argpected to have di®erent
excitation energies to DHICA [76], and hence show absorption gles at di®erent positions.
The spectrum thus broadens and °attens into the eumelanin speam.

The emission spectra for excitation at 323 nm (the DHICA absorptio peak), 380 nm
(where DHICA has negligible absorption) and 350 nm (where DHICAas intermediate
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Figure 10.2 : Emission spectra as DHICA evolves to form eumelanin, for thee di®erent excita-
tion wavelengths.

absorption) as DHICA evolves to form eumelanin are shown in gur&0.2. The emission
gradually decreases in intensity at each wavelength until iteaches the very low emission
levels characteristic of eumelanin [47, 163]. Most signi cagfl the shape of the emission
spectrum does not change (until the last few time-points), onlthe intensity. This indicates
that none of the dimers, trimers and larger oligomers formeadm DHICA have signi cant
radiative quantum yields, so the only °uorescencent species indtsolution is DHICA itself.
This feature allows the estimation of the amount of DHICA remaiing in solution at each
time as the polymerisation occurs, simply by taking the ratio othe emission curve area at
each time to that at the initial time-point (when the solution is 100% DHICA). This was
done for the , x = 323 nm data (since it is the most intense, and therefore has theebt
signal to noise ratio), and is shown in gure 10.3. The concentrian appears to follow an
exponential relationship, as is shown on the plot.

Tran et al. reported that the main absorption peak in the DHICA sgctrum decreases
linearly over time as it polymerises, suggesting that DHICA moledes are consumed at a
constant rate [76]. We propose, however, that the species befiogmed will have overlapping
absorption spectra with the inital DHICA spectrum, making this an unreliable probe of
DHICA concentration. Based on the results presented here, we pase that the emission
spectrum provides a much more reliable probe.

Since the shape of the emission spectrum does not change until tlegy last few time-
points, we postulate that all DHICA dimers and oligomers have sig cantly lower radiative
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Figure 10.3 : The percentage of DHICA remaining in the solution over the @urse of the poly-
merisation, as determined from emission spectra,(ex = 323nm). Dotted line - exponential tting:
ko + kiexp(j k2T) where kg =11:4, k; =114, k, = 0:0124.
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Figure 10.4 : Excitation spectrum as DHICA evolves to form eumelanin (, ¢m = 400 nm).

guantum yields than the DHICA monomer (otherwise they would ifuence the shape of the
emission spectrum). The shape is only a®ected when the DHICA conitation becomes
extremely low. Experiments to test this hypothesis are currély underway.

The polymerisation of the excitation spectrum as DHICA forms emelanin is shown in
“gure 10.4. Similar to the emission spectra, it does not change gi®over time but merely
decreases in intensity (until the very nal time-points). This sypports our supposition that
DHICA is the only species in solution with substantial emission.

At the last few time-points the concentration of DHICA is so low hat even very low
guantum yield species begin to have comparable emission, so theysh of the emission
spectrum begins to change. This is demonstrated in gure 10.5n keach graph, A is the
initial spectrum (pure DHICA), and B, C and D show the spectra at the nal few time-points.
It is interesting that for excitation at both 323 nm and 350 nm he spectrum rst shifts to
slightly higher energies, then broadens, showing multiple pesk Excitation at 380 nm is
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Figure 10.5 : Emission spectra as DHICA evolves to form eumelanin, for tihee di®erent exci-
tation wavelengths. Spectra are scaled to show relative stpes (note that intensity at nal time
is signi cantly lower than the initial intensity). A: Initia | DHICA spectrum, B: 200 minutes of
cumulative UV illumination , C: 240 minutes of cumulative UV illumination , D: After NaOH was
added.

slightly di®erent because this is far away from the DHICA absorgin peak. This means
that for even quite early time-points the emission from other sgries in solution becomes
comparable to that from DHICA, and hence in°uence the shape of thepectrum.

The excitation spectrum at the nal timepoint is shown in gure 106. It is similar in
shape to that previously measured for eumelanin [163, 164], aldsely follows the shape of
the absorption spectrum at the nal timepoint (dotted line), aswould be expected.

An analysis of the spectra at the nal time-point can give an indiation of the energy
structure of the °uorescent species produced as DHICA evolvesaontumelanin. An emission
peak at 2.3 eV is evident in all the nal time-point spectra (gue 10.5). The excitation
spectrum (gure 10.6) shows peaks at 3.7 eV and 5.0 eV. Large amtauaof broadening (be-
lieved to be due to chemical disorder) and low radiative yietkdmake quantitative analysis
challenging, however. Experiments using directed chemicsynthesis combined with den-
sity functional theory analysis are currently underway to idatify possible species that may
contribute to these spectra.

The emission spectra for excitation at 350 nm and 380 nm at the nadime-point agree
well with those measured previously for eumelanin, as shown in gul0.7. Note that shorter
instrument integration times were used in this experiment duéo the necessity of keeping
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Figure 10.7 : Emission spectra at the nal time-point (dotted line) compar ed with emission
spectra for eumelanin at the same excitation wavelength (sal line). Eumelanin spectra from
chapter 6.

instrument parameters the same throughout the experiment. Tk has resulted in a lower
signal to noise ratio in the data reported here. Regardless, thegd agreement between these
“nal time-point spectra and the eumelanin spectra is evident. fie nal time-point emission
spectra show the same shifting of the peak with excitation enerdlgat has been previously
observed for eumelanin [47], as shown in gure 10.8, suggestivetoémical heterogeneity in
the nal eumelanin product.

The radiative quantum yield of the solution was observed to deease over time for all
three excitation wavelengths (‘gure 10.9), and at the nal tine-point reached the very low
value previously observed for eumelanirs( 0:1%). Dimers and larger oligomers of DHICA
could be expected to have a larger number of vibrational mosl@vailable for non-radiative
dissipation of energy, and hence may be expected to have lowadiative quantum yields than
the DHICA monomer. As DHICA polymerises to form these larger spedgthe quantum
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Figure 10.8 : Emission spectra at the nal time-point shown the same dependnce upon exci-
tation energy as eumelanin spectra (chapter 6). Solid line;, ex = 350nm, dotted line: , ex = 380NmM

yield of the solution therefore decreases.

10.5 Chapter conclusions

We have shown that as DHICA polymerises to form DHICA eumelanin,hie emission de-
creases in intensity, but the emission spectrum does not changeshape. This suggests
that all dimers, trimers and oligomers formed from DHICA have ery low radiative yields,
and therefore do not contribute to the emission spectrum untilite concentration of DHICA
reaches an extremely small value. Experiments are currentijmderway to probe this hypoth-
esis; we are synthesising likely DHICA dimers for the accurate measment of their radiative
yields and emission spectra. Comparison to the nal timepoint spta presented here may
allow for identi cation of the oligomer species present in the al eumelanin product.
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Inelastic neutron scattering spectroscopy

11.1 Chapter abstract

We have obtained inelastic neutron scattering (INS) spectra ohdole-2-carboxylic (ICA)
acid and 5,6-dihydroxyindole-2-carboxylic acid (DHICA), a ky melanin monomer. To our
knowledge this is the rst study of its kind on eumelanin precurgs. We have assigned these
spectra to vibrational modes based on density functional thepicalculations and comparison
to the previously measured modes of indole. These assignmentarfahe foundation for
accurate interpretation of spectra of larger related speciésading towards an understanding
of the vibrational energy dissipation pathways of eumelanin.

11.2 Chapter introduction

McGinness and Proctor suggested in 1973 that the black appeacanof melanin indicates
that electron-phonon coupling may be particularly excient n this material [304]. They
postulated that a signi cant biological function of melanin ma therefore be to convert
the energy of excited states into heat by means of photon-pham conversion processes.
Dissipation of energy via electron-phonon coupling occurs evpicosecond timescales, and
Is the most rapid form of energy dissipation (radiative emissiorfpr example, occurs over
nanoseconds). Rapid energy dissipation via vibrational states the best way of reducing
the possibility of excited state chemistry (which is almost alway harmful in a biological
environment), and hence as a photoprotectant, eumelanin wiol reasonably be expected to
dissipate energy mainly through conversion of photoexcitatis to heat.

A variety of studies show that the majority of energy dissipationn eumelanin is non-
radiative [243, 261, 305, 306]. Forest and Simon used photoasiic calorimetry to show
that essentially all the absorbed energy is released as heat whextited at 527 nm (visible
green light) and 400 nm (violet/near UVA-I light) [162]. With higher energy excitation some
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of the energy is dissipated via other means; with excitation at53 nm (UVA-I), 95% of the
absorbed energy is converted to heat, and with excitation at62 nm (UVC) only 70% is
released as heat. This wavelength dependance is consistenhweitemical heterogeneity, since
exciting at di®erent wavelengths probes di®erent species, whimay easily have di®erent
electron-phonon coupling properties. Nofsinger et al. lateron rmed that the dominant
non-radiative process in eumelanin is repopulation of the gund electronic state [172]. As
shown in chapters 6 and 7, eumelanin has an extremely low ratiN@ quantum vyield [47],
again suggesting that the majority of energy dissipation occutsy non-radiative relaxation.
Hence the vibrational modes of eumelanin are of considerabigerest.

Raman and infrared (IR) spectroscopies have been applied to lains from various
sources in a number of studies; we have summarised those relevanetonelanin in table
11.1. Many studies only identi ed one or two broad peaks, and nerwere able to give accu-
rate vibrational mode assignments. These results show that due themical heterogeneity,
eumelanin has a complex vibrational spectrum with many ovexpping modes, making it very
dixcult to draw any rm conclusions from vibrational spectra. Studies on small oligomers
extracted from melanin are more promising, showing clearer gks that potentially allow
for a more informative analysis [83], and IR study of the monoméHICA has been ex-
tremely successful, as outlined later in this introduction [ZH. We have therefore chosen to
“rst study the vibrational modes of DHICA using inelastic neutron sattering (INS) spec-
troscopy, with an aim to accurately assigning the spectra of theumelanin monomers and
then larger species until the vibrational properties of the w@nelanin system as a whole can
be elucidated.

Table 11.1: Summary of previous IR and Raman studies on melan ins. Studies of neuromelanin [307] and fungal melanins
[308{312] have not been included since these are chemically di®erent and have not been dealt with in this thesis. Abbrevia tions:
s - strong, w - weak, b - broad, sh - shoulder, ° - in plane stretching, ben. - benzene, skel. - skeletal, def. - deformation.

| ref method  source L ex (nm) freq (cm T 1) assignments |

Cooper et al. raman synthetic tyrosine 363.8 1300(b)
1986 [313] 488 1385(D)
1590-1615(b)
2930(b)
Panina et al. raman synthetic and fungal 514.5 1337-1380(b)
1998 [314] 1580-1620(b)
Wegmann et al. IR hair - 854
1999 [315] 1032
1070
1208 CO-
1388 CH def.
1530
1622
1700
Bilinska IR red hair - 810
2001 [316] 1100
1200
1380
1465
1630
1710
1740
2855
2930 aliphatic CH
2960 aliphatic CH
3280-3500
Continued on next page
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Table 11.1 { continued from previous page
ref method  source ,ex (nm) freq (cm T 1) assignments

dark hair - 800
1100
1210
1350
1615
1710
2850
2920
3050-3400
Samokhvalov et al.  raman sepia ink 632.8/779.6  460(w)
2004 [31] 950-980(b)
1210(sh) ben. def., °C-O
1330(sh) ben. def.
1400(s) aromatic C-N
1550(sh)
1600(s) aromatic C-C
Liu et al. raman synthetic 1400(s, b) aromatic
2004 [156] 1600(s, b) aromatic
Huang et al. raman sepia 457.9 1399
2004 [317] 1585
514.5 1405
1585
632.8 1408
1581
785 1400
1583
synthetic dopa 457.9 1384
1595
5145 1387
1592
632.8 1374
1588
785 1378
1589
human black hair 632.8 1355
1584
785 1386
1578
feline black hair 632.8 1355
1584
785 1395
1585

human skin in vivo
normal 785 1362
1566
nevus 785 1372
1578
melanoma 785 1378
1572
summary many 1580 °skel. def
of above 1380 °C-C

INS is a well established technigue that makes use of modern spadla neutron sources to
obtain spectral bandwidths similar to those obtained from the jtical spectroscopy of solids
[318]. INS has the advantage that its observed intensities carelsimply and immediately
compared to calculations of the mean square vibrational atdmdisplacements that appear
as output from standard ab-initio programs. Moreover, the technique emphasises those
vibrational modes involving hydrogen motions and is ideabf the study of organic molecular
crystals, as is described in detail elsewhere [318]. INS spectrggcdoes not have forbidden
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modes as do both IR and Raman spectroscopy, and it is particulprsensitive to low energy
vibrations. High energy vibrations (such as those most easily pred by IR and Raman
spectroscopy) are typically due to the motions of isolated futional groups and single atoms
in the molecule, and hence are particularly useful for chenailccharacterisation. In this study,
we are more interested in the low energy vibrations (that arerpbed by INS), since these
are typically due to whole molecular motions. These whole malglar motions will tend to
be the ones most a®ected by variations in primary and secondaryusiture, and so can give
extremely useful information about intermolecular bondingand motions on a larger scale.
To accurately assign the spectrum of DHICA, it was necessary to irglly make INS mea-
surements of indole. Indole is a very well studied system, and igbrational frequencies over
a wide range of energies have been determined from IR and Ramspectroscopy. The as-
signments of these vibrational frequencies to particular viational modes has been reported
in a variety of publications and is well agreed upon. Our grqumeasured the INS spectrum
of indole and assigned the observed modes with con dence basedrufieese previous IR
and Raman assignments [319]. The INS assignments of indole fromattiprevious study are
summarised in table 11.2 (since we later refer to these mode numbe our assignments).

Table 11.2: The ab-initio calculated frequencies (cmi 1) of indole compared with observations, from reference [319 ]. This
publication did not include higher energy modes since these were not within the range accessed by INS, but we include here all
modes calculated by GAUSSIAN98 since we use several of these higher energy modes in the assignment of our spectra. A" -
out of plane vibrations, A' - in plane vibrations, ° - assigned mode numbers (consistent with general literatur e on indole), Obs
- observed INS frequencies, G98 - calculated frequencies.

A" A
0 Obs G938 ° Obs G98
(emi 1) | (emil) (emi 1) | cmil)
42 239 222
41 265 256
29 397 410
40 429 445
39 516 543
28 542 562
38 578 597
37 608 625
27 619 630
36 730 748
35 758 777
26 758 781
34 - 819
33 854 888
25 867 903
32 - 911
24 896 925
31 937 972
30 971 1020
23 1006 1043
22 - 1098
21 - 1126
20 - 1163
19 - 1207
18 - 1245
17 - 1298
16 - 1311
15 - 1384
14 - 1407
13 - 1457
12 - 1494
Continued on next page
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Figure 11.1 : Chemical structures with atom numbering used in tables folbwing. a) indole-2-
carboxylic acid (ICA), b) 5,6-dihydroxyindole-2-carboxylic acid (DHICA).

Table 11.2 { continued from previous page

A A
o[ Obs G98 o [ Obs Go8

emih | emi?h emiY) | emi?

11 - 1540

10 1559

9 1627

8 1669

7 3185

6 3192

5 3204

4 3218

3 3273

2 3298

1 3694

Having achieved this careful assignment of the modes of indole are in an excellent
position to analyse the INS spectrum of indole-2-carboxylic ati(ICA). The structure of
ICA is shown in gure 11.1(a) with standard atom numbering. ICA povides a critical
link between indole and DHICA ( gure 11.1(b)), allowing us to @&termine the e®ect of the
addition of a carboxylic acid group to indole, and then deal perately with the addition of
the hydroxyl groups to ICA in the analysis of the INS spectrum of BIICA.

We therefore report in the rst part of this chapter the measurerant of the INS spectrum
of ICA, the calculation of its vibrational modes using density dnctional theory, and the
assignment of the observed vibrational modes via comparison teet modes of indole reported
in reference [319]. We then report in the second part of this apter the assignment of the
INS modes of DHICA based upon the ICA assignments. The structure of DA with
standard atom numbering is shown in gure 11.1(b)).

Several vibrational studies have been performed for ICA, whi@ssist with the assignment
of INS spectra. In 1977 Singh and Prakash reported very rough assigents of the IR spectra
of ICA, [320], as did Viossat et al. in 2005 [321] and Rele et. al i9@6 [322]. Additionally,
Ahmed reported IR frequencies for divalent transition metal amplexes with ICA [323, 324].
We have listed the frequencies reported in these publicatioms table 11.3. Complete IR
spectra for ICA were published by Tine et al (500 cit to 2000 cm ) [325] and Morzyk-
Ociepa et al. (500 cm? to 4000 cm 1) [326] in good agreement with each other and we have
extracted the positions of peaks from those graphs for inclusién table 11.3. Only the most
signi cant peaks in those publications were roughly assigned. €HNS frequencies observed
in this study are also included for ease of comparison.



148 Inelastic neutron scattering spectroscopy

Table 11.3: Table of the band positions (cm i 1) in the INS spectrum of ICA as compared to results of previous optical (IR)

studies. Abbreviations: s = sharp, b = broad, sh = shoulder, v = very strong, st = strong, m = medium, w = weak.
INS (this work) [326] [325] [321] [322] [320]
204
262
274
283
365
383
437
416
539 526 506
567 574 554
584 566
609
623 600
744 739 723
754 742(v)
769 778 767
813
830 826 811
853 855 835
890 904 884
939 934 924
938
964 962
971 954
1009 1010
1116 1112 1108
1150 1146 1150
1209 1194 1195(v) 1196(st) 1105(v) | 1203(m)
1237 1233 1234
1296 1292 1295
1339 1336
1359 1351
1407 1408 1418(m) 1415(w)
1436 1440(s) | 1439(m) 1445(w)
1484 1500(w)
1509 1520 1520(m) | 1538(m) | 1570(w)
1571 1561
1610 1610 1622(w) 1615(w)
1707 1704 1714(m,b) 1699(s) 1700(s)
3052(b) 3036
3064
3298(s)
3350(v) | 3350(st) | 3352(m) | 3368(m) | 3395(s)
3453 3453(w) 3454(w) 3416(m)

Due to its role as a monomer in the eumelanin macromolecule HBCA has received a
more thorough treatment in a very recent publication by Okud et al. [297]. The authors
reported the mid-infrared (1000 cm? to 4000 cm !) absorption spectrum of DHICA with
detailed assignments based on density functional theory calatibns. They determined that
hydrogen bonds play an important role in the vibrational prperties of DHICA [297]. This
IR study forms an excellent comparison for our INS spectrum and bkaassisted with our
assignment process. The IR frequencies and intensities reporiadhat study are included
in table 11.4 with a comparison to the INS frequencies observad aur study, and those we
have calculated using density functional theory.



Table 11.4: Table of the IR observed frequencies (cm i 1) for DHICA as reported in reference [297], with the authors'  assignments
to band frequencies, IR intensities and mode descriptions ¢ alculated using GAUSSIANO3. We include for comparison the  ab-
initio calculated results reported here, calculated using GAUSSI AN98 (G98) and NRLMOL. Mode descriptions were matched
with our calculated displacement vectors for each vibratio n to ensure accurate matching between these studies. ¢ - torsion
(out of plane twisting), ° - out of plane bending, * - in plane bending, ° - stretching, Skel. - skeleton, Ben. - benzene, Pyr.
- pyrrole, def. - deformation, br. - breathing. Atom numberi  ng as shown in "gure 11.1. A" - out of plane vibrations, A’ - in
plane vibrations.

G98 NRLMOL GO03 [297]
Freq Freq IR Obs
° (cmi 1) IR (cm i1y IR Freq IR Description [297]
A" A Int A" A Int cmi 1) | Int (cmi 1
57 | 76 0 65.7 0.0 - - - -
56 86 0 78.1 0.0 - - - -
39 127 0 119 0.0 - - - -
55 | 167 0 151 0.0 - - - -
54 | 214 0 195 0.1 - - - -
53 | 280 173 | 236 2.6 - - - -
38 307 3 304 0.1 - - - -
37 314 12 306 0.2 - - - -
36 328 7 317 0.1 - - - -
52 | 348 1 322 0.1 - - - -
51 | 392 1 376 0.0 - - - -
50 | 439 11 409 0.1 - - - -
35 440 12 423 0.2 - - - -
49 | 506 140 | 481 1.3 - - - -
34 527 79 509 1.4 - - - -
33 551 5 529 0.2 - - - -
48 | 568 114 | 501 2.9 - - - -
47 | 621 82 448 0.6 - - - -
46 | 638 69 600 0.0 - - - -
32 647 17 627 0.3 - - - -
31 686 7 668 0.3 - - - -
45 | 700 5 674 0.0 - - - -
44 | 746 34 696 0.2 - - - -
30 768 15 748 0.2 - - - -
43 | 788 14 738 0.8 - - - -
29 795 6 765 0.1 - - - -
42 | 866 1 781 0.0 - - - -
41 | 879 16 798 0.0 - - - -
28 880 13 860 0.2 - - - -
40 | 907 82 815 14 - - - -
27 984 35 956 0.3 - - - -
26 1085 | 346 1068 3.3 1093 19.8 | +C3H, +N1H, °C10011 1095(w)
25 1110 | 142 1102 35 1122 274 | *O11H, *N1H, °C5011 1120(w)
24 1160 | 441 1114 | 10.4 1137 424 | +O11H, +C3H, °C10011 1138
23 1182 | 42 1143 | 0.7 1176 198 | #C7H, +O11H, +O12H, +O11H 1172
22 1196 | 221 1163 2.7 1210 54.5 | #O12H, +O11H, °C6012, Skel, def. -
Continued on next page
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G998 NRLMOL GO03 [297]
Freq Freq IR Obs
° (cm i1 IR (cmi 1) IR Freq IR Description [297]
g A Int [ A" A Int (cm i1y | Int (cmi 1)
21 1234 | 16 1201 | 3.5 1407 2.7 Skel. def., ©C10011, +O12H -
20 1269 | 40 1215 0.6 1226 92.7 | #C4H -
19 1287 | 95 1228 | 4.0 1243 196 | #N1H, +C3H, °C6012 1230
18 1325 | 312 1295 8.2 1320 436 | +O11H, °C6012, °C10011, Skel. br. 1255
17 1376 37 1334 0.1 1349 9.3 +0O11H, +O12H -
16 1391 30 1360 | 0.7 1371 15.4 | Pyr. def, Ben. br.,, °©C5011, °C6012 | 1339(m)
15 1435 9 1401 0.2 1428 124 | °N1C2 1439(m)
14 1452 | 44 1412 2.3 1158 18.7 | £N1H, °C7H -
13 1513 15 1469 0.3 1486 11.1 | Skel. def., °C5011 1474(w)
12 1563 | 34 1513 | 2.2 1529 68.2 | Skel. def., °C6012 1531(st)
11 1575 | 143 1527 4.6 1657 23.4 | Benzene def. -
10 1639 | 48 1583 | 0.4 1549 279 | Pyr. br., Ben. def. 1541(st)
9 1688 | 731 1701 | 154 1750 517 | °C10012 1684(st)
8 1693 | 79 1633 | 0.7 1600 9.5 Skel. def. 1597(w)
7 3197 13 3094 | 0.3 3097 15 °C4H -
6 3237 2 3126 | 0.0 3138 3 °C7H -
5 3297 0 3191 | 0.0 3192 0.7 °C3H -
4 3618 | 163 3634 35 3681 129 | °O12H 3273(b)
3 3628 | 91 3657 | 2.5 3675 117 | °O11H 3273(b)
2 3674 94 3569 2.1 3598 101 | °N1H 3433(st)
1 3712 66 3721 1.8 3751 68 °0O11H 3273(b)
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In summary, we report in this chapter the measured INS spectra of A and DHICA with
detailed assignments based upoab-initio density functional theory calculations, previous
detailed assignments of indole spectra, and previous assignnenf IR spectra for these
molecules. The assignment of the vibrational modes of DHICA willllow us to make rm
and detailed conclusions about the spectra of eumelanin redat molecules.

11.3 Experimental

11.3.1 Sample preparation

Indole-2-carboxylic acid,> 99%, was obtained from the Aldrich Chemical company and used
without further treatment. DHICA was synthesised as reported bylran et al. [76].

11.3.2 Spectrometer

The powdered samples were wrapped in aluminium foil (5 g of IC&nd 1 g of DHICA) and
held in °at sample cells. These were maintained at 20 K in the newn beam of the TOSCA
spectrometer [327], at the ISIS Facility, The Rutherford Appéton Laboratory, Chilton, OX11
0QX, UK. TOSCA is a pulsed neutron, indirect geometry, low banghass spectrometer with
good spectral resolution (¢CEt/Et ¥4 2%). On these types of spectrometer each energy, is
associated with a speci ¢ momentum transfer valu€Q, as such mode dispersion cannot be
tracked on these spectrometers. Also, the momentum transfer vect®, is perpendicular to
the face of the sample cell [318]. Data were collected for albéuto 12 hours and transformed
into the conventional scattering law vs energy transfer (wherE; is given in cmi 1), using
standard programs.

11.4 Calculations

11.4.1 Ab-initio calculations

Our calculations were performed in GAUSSIAN98 (G98) [328] anti¢ Naval Research Labo-
ratory Molecular Orbital Library (NRLMOL) [191{197] for the isolated molecules. In GAUS-
SIAN98 the molecular geometry was constrained planar and optised at the B3LYP level.
The DFT calculation (with the 6-31G** basis set) produced harronic vibrational frequen-
cies.

NRLMOL performs massively parallel electronic structure caldations using gaussian
orbital methods. We fully relaxed the geometry with no symmeir constraints using the
Perdew, Burke and Ernzerhof (PBE) [198] exchange correlati functional, which is a gen-
eralized gradient approximation (GGA) containing no free paameters. In the calculations
presented in this paper we use Porezag-Pederson (PP) basis seB9]3which, in contrast
to standard approaches, are not a xed set of basis functions, buteaadjusted on a total-
energy criterion. PP basis sets have been proven to satisfy thé*= theorem and, for weakly
interacting atoms, it has been shown that PP basis sets have no supesition error [330].
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Our basis sets are available on request. For a discussion of the akdton of vibrational
modes see references [195{197].

The atomic displacement vectors appearing in the output Tegém GAUSSIAN98 (".LOG'
‘Te) were used as input to the aCLIMAX program [331] to determindNS intensities.

11.4.2 Data visualisation

aCLIMAX [331] is a program that displays the INS spectra taken onrgy low-bandpass spec-
trometer for comparison with the results ofab-initio calculations [318]. The program accepts
input from GAUSSIAN98 and NRLMOL, and, in principle, any eigenvéue and eigenvector
data (in the correct units) and calculates INS intensities. Unlik optical spectroscopy, the
INS technique expresses not only fundamentals but also all comation bands and over-
tones. The aCLIMAX program calculates these intensities (comiations and overtones are
treated harmonically out to the tenth order) and adds the comibutions from all sources of
intensity to determine the total INS spectrum [318]. Most of the alculated contributions
from combination bands and overtones add only weak and verydad features to the region
above 1500 cr?!, but in the mid frequency range sharp overtones and combinatis (arising
from intense bands at low energies) are sometimes found. Hencergwbserved INS peak
does not necessarily correspond to a new vibrational motion dfe molecule. The aCLIMAX
program generates all the transition bands as gaussian pro lescarding to a set of xed
parameters and, as such, bands of dramatically di®erent widthn the same spectrum are
not readily accommodated.

11.4.3 Speci c data treatment
ICA

The following process was used to obtain initial estimates of ¢hassignments of ICA INS
peaks. The GAUSSIAN98 displacement eigenvectors for each viboatal mode determined
computationally were examined and sorted into in plane (A") ad out of plane (A") modes.
The displacement eigenvectors from NRLMOL were then compared those from GAUS-
SIAN98 to match the vibrational frequencies, as listed in the rst si columns of table 11.7.
The nature of the ICA vibrations was then compared, using thermpgram ViPA [332], with
those of indole [319]. The results of this exercise are the modesdriptions given in the 7th
column of table 11.7. This indicated which of the vibrationsare very similar in nature to
those of indole. The vibrational modes of indole have been nse@ed using INS and carefully
assigned as reported in reference [319]; the details of thesede®were extracted and are
listed in columns 8-11 of table 11.7, including calculated dnobserved wavenumbers, and
shifts (the di®erence between the observed and calculated wawabers). The ICA observed
INS modes were then matched with the ICA calculated modes to @duce similar shifts to
those seen for the equivalent indole modes. The GAUSSIAN98 caldeld frequencies were
then given small shifts to match with the observed values, the nefifequencies being listed
in the "Final Fregs' column of table 11.7. These are the frequeirs that were used with
aCLIMAX determined intensities to produce gure 11.3. The IR fequencies for ICA mea-
sured by Morzyk-Ociepa et al [326] were also taken into considéon by comparison to the
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IR calculated intensities from GAUSSIAN9S (listed in the nal two @lumns of table 11.7).

Further small re nements were then made to certain peaks to pduce a more faithful
match between the aCLIMAX calculated INS spectrum and the expanental spectrum, as
described in the discussion. Due to the known rigid nature of ICAs{milar in nature to
indole), a non-default wing shape that was narrow in frequegovas used (rigid molecules
tend to give sharp, high intensity peaks, as we have observed inethCA spectrum). Also
due to this rigidity, the wing status A external isotropic geneation value was reduced from
the default value to small 0.015. The "Auto generate Sachs-Te&il option was utilized to
distribute the isotropic A external value in an anisotropic maner (allowing the in plane and
out of plane modes to be di®erent).

DHICA

A very similar process was used for the assignment of DHICA vibratial modes, based
upon the previous assignments for ICA (rather than indole). Té results of this process are
outlined in table 11.9. IR frequencies with assignments fromeference [297] in the range
1000cm ! to 4000cm ! were taken into consideration (listed in table 11.4).

The DHICA spectrum is more challenging to replicate computatinally than that for
ICA since DHICA has a rigid main body, combined with much “softéhydroxyl groups. The
hydroxyl groups give rise to very broad, low intensity phonon g bands that are barely
visible whereas the rigid body gives rise to sharp peaks of sigrant intensity (as was ob-
served for ICA). The aCLIMAX program is unfortunately unable to deal with systems of
this nature, being able to only accommodate one type of wing &pe per spectrum. For
modelling DHICA we have therefore chosen to use the same non-ddtfanarrow wing shape
that was used for ICA (to give an accurate representation of thpeaks arising from the rigid
main body of the molecule), and to then manually reduce the iensity of the overtones of
peaks we assign to be the hydroxyl vibrations. The assignment ofetbe peaks is non-trivial
(as discussed below), and would be aided by the measurement of atdeated DHICA spec-
trum for comparison. We recommend this for future work, and adion that the assignment
scheme given here for DHICA is tentative only.

11.5 Discussion

11.5.1 Calculated structural results

The lowest energy structures of both ICA and DHICA were found to & planar, and are
shown in gures 11.2(a) and 11.2(b) respectively. The structuref DHICA was consistent
with that from Powell's previous study [77]. Energies calcated using both GAUSSIAN98
and NRLMOL for each molecule are listed in table 11.5, and it cabe seen that they agree
closely. Dipoles and rotational constants calculated using G/SSIAN98 for each molecule
are also included in table 11.5.
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(@ ICA (b) DHICA

Figure 11.2 : The lowest energy structures for ICA and DHICA as calculated by GAUSSIAN98.
Red: oxygen, blue: nitrogen, white: hydrogen, grey: carbon

Table 11.5: Properties of ICA and DHICA calculated using densitfunctional theory (G98
and NRLMOL).

Energy Dipole Rotational constants
(kJ mole 1) (Ha) (D) (MHZ)
ICA G98 -1449932.102 | -552.2175697 | 3.3679 | 2918.41 | 534.07 | 451.45
NRLMOL -1449349.553 | -551.9957015
DHICA G98 -1844868.312 | -702.6320022 | 2.8669 | 2129.52 | 339.13 | 292.55
NRLMOL -1844198.597 | -702.3769361

Structural lengths of interest for each molecule are listed itable 11.6, with atom num-
bering as shown in gure 11.1. The lengths from GAUSSIAN98 and NRLMOQall agree to
within 1%. The N-H bond length is identical for ICA and DHICA, so weexpect that the
vibrational frequencies relating to this group might be ver similar for the two molecules.
The addition of the hydroxyl groups has had more in°uence ovehe skeletal lengths (as
would be expected), so we expect to see more variation betweée wibrational frequencies
involving skeletal deformations.

11.5.2 Assignment of the INS modes of ICA

The experimental INS spectrum of ICA is shown as the solid line in e 11.3. The nal
calculated spectrum for this molecule generated from GAUSSIAB3requencies and aCLlI-
MAX intensities is shown as the dotted line. Note that the calculeed vibrational peaks have
undergone small shifts to produce better matching with the exgimental spectrum, with
initial and nal calculated frequencies listed in table 11.7The aim of this process is not to

Table 11.6: Signi cant structural distances and bond lengthsfdCA and DHICA calculated
using density functional theory (G98 and NRLMOL).

Structural lengths ( A)
N-H Ring fused C-C C2 to H5 C2 to H6
ICA G98 1.009 1.434 7.088 6.999
NRLMOL 1.013 1.432 7.087 6.994
C2 to 013 C2 to 014
DHICA G98 1.009 1.434 5.970 5.910
NRLMOL 1.013 1.431 5.940 5.885
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Figure 11.3 : The INS spectra of ICA, as observed (continuous line) and agalculated (discon-
tinuous line). Peak positions are listed in tables 11.8 and 1.7.

test the ability of the computational methods used, but ratherto obtain mode assignments
for the observed frequencies. Based on the earlier indole studg wnow the amount and
direction that each observed band moved from the initial caldated frequency, so we have
allowed shifting of calculated bands of similar magnitudes tattempt to obtain the ideal t
between experiment and theory. This allows us to identify th vibrational motions associated
with each INS peak.

The region 200; 800 cm ! Ttted reasonably well from the original assignments (made
by comparison with previously measured and assigned indole specfB19], as described in
the section on the speci ¢ data treatment). This region requig only minor adjustments to
improve the tting, where the comparison with indole had been mbiguous. However, the
region 800, 1100 cm ! is quite di®erent from that of indole, meaning that the assignnmés
based on the indole spectrum were not as successful. It appearstttiee carboxylic acid
group has modi ed the indole vibrations involving the pyrroé ring, and suppressed the
frequencies of those indole modes about 1050 cm A shift in these modes was observed
in indole that was deuterated at the 3 position (to about 850 cint); we believe that the
carboxylic acid has acted here like the deuteration of the pyle [319].

It is also important to consider that the calculations were doe for isolated molecules,
whereas experimentally we are observing a solid state system whieill include hydrogen
bonding between molecules. To take this into consideratiort, was necessary to move the
°(OH) mode (° = 46) from the isolated molecule calculated position of 572 dnmi to a more
realistic 826 cm ! (we believe this is consistent with the IR data). The intensity 6this mode
was also suppressed by dividing the displacement by 2 (this suppressiee (0-2) transition
intensity, and suggests anharmonicity). Note that the® (OH) shows signi cant broadening.
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In melanin this could be assumed to be due to chemical disordemthit cannot be due to
disorder in this pure ICA system (many of the observed bands havelifwidths at half-height
similar to the spectrometer's resolution, suggesting that chewal disorder does not dominate
the properties of ICA (or DHICA) as we believe it does in eumelam). The origin of the
broadening of this peak is not well understood at this stage.

The resulting nal spectral tting (shown in gure 11.3) is of reasomble quality, sug-
gesting that we have accurately assigned the ICA modes in the emdlisted in table 11.7.
These results are summarised in table 11.8 with basic descriptiooisthe types of vibrational
motions that each represents.



Table 11.7: Table of the ab-initio calculated frequencies (cmi 1) of ICA compared with INS observations, as discussed in the

text. The list of frequencies used to produce gure 11.3 is inc luded in column Final Freq.

Indole modes shown are from

reference [319] and are summarised here in table 11.2. GAUSSIAN98 results are in the columns headed G98, and the results

from NRLMOL are under NL. Our mode descriptions are taken fro

modes of indole (after [332]); x(y) implies that this ICA mod
than 10% are shown). IR observed results are from reference [ 326]. A" - out of plane vibrations, A’ - in plane vibrations,

mode number.

m the GAUSSIAN98 output and given with respect to the
e has x% of the indole mode number y (only contributions great

er
o

ICA INDOLE ICA
A" A Shift Shift IR
ViPA Compare Obs Calc (obs- Obs Final (obs- Obs

o G98 NL 0 G938 NL description toindole ° | (emi 1) | cmi 1) calc) (ecmi 1) Freq calc) [326] G938
(emi 1) | (emil) (emi 1) | emil) (emi 1) cemiy [ (emil)y | emily | Int

51 92 83 - - - - - - 92 - - 1
50 99 89 11(42) - - - - - 99 - - 1
35 142 137 - - - - - 204 209 62 - 2

49 266 242 98(41) 41 265 256 9 262 261 -4 - 0
48 284 259 85(42) 42 239 222 17 274 283 -10 - 0
- - - - - 283 - - - -

34 350 342 - - - - - 365 362 15 - 8

33 377 361 56(29) 29 397 410 -13 383 383 6 - 2

47 459 418 96(40) 40 429 445 -16 437 435 -22 - 3
32 563 537 33(29) - - - - 567 563 4 574 19
46 572 541 29(37) - - - - 830 826 258 826 121
31 586 561 63(28) 28 542 562 -20 - 574 - 584 34

45 593 562 97(38) 38 578 597 -19 - 566 - - 0
44 626 474 87(39),12(37) 39 516 543 -27 539 540 -87 526 76
30 633 601 98(27) 27 619 630 -11 609 601 -24 - 3

43 643 614 51(37) 37 608 625 -17 - 615 - 623 61
29 | 686 667 | 21(26),13(28) ; - ] - 769 768 83 778 12

42 766 719 82(36) 36 730 748 -18 744 744 -22 739 0
41 780 728 91(35) 35 758 777 -19 - 744 - 754 135
40 809 750 85(34) 34 - - - 813 809 4 - 5
28 820 799 70(26),17(24) 26 758 781 -23 - 849 - - 0

39 882 800 91(33) 33 854 888 -34 853 837 -29 855 16
38 905 824 91(32) 32 - - - 939 935 34 934 20
- - - - - - - - 938 -

27 925 879 89(25) 25 867 903 -36 890 890 -35 904 1

37 983 913 100(31) 31 937 972 -35 - 950 - - 5
26 983 954 59(24),15(22) 24 896 925 -29 964 967 -19 962 33

36 1025 948 100(30) 30 971 1020 -49 - 966 - 971 0
25 1041 1006 97(23) 23 1006 1043 -37 1009 1005 -32 1010 3
24 1095 1079 32(22),12(21) - - - - 1116 1116 21 1112 292

23 1162 1108 66(20),19(21) 20 - 1163 - 1150 1120 -12 1146 14
22 | 1170 1119 | 32(22),16(20) - - - - 1209 1149 39 1194 | 227

21 1210 1141 93(19) 19 - 1207 - 1237 1210 27 1233 2

20 1264 1186 76(18) 18 - 1245 - - 1235 - 1296 9

19 1281 1220 63(17) 17 - 1298 - - 1247 - 1339 15

Continued on next page
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Table 11.7 { continued from previous page

ICA INDOLE ICA
A" A’ Shift Shift IR
ViPA Compare Obs Calc (obs- Obs Final (obs- Obs
G98 NL ° G98 NL description toindole ° | (cmi 1) | (cmi 1) calc) (cmi 1) Freq calc) [326] G98
(emil)y | (cmi 1) (emil)y | (emi 1) (cmi 1y emil)y [ (emily | emil) | Int
18 1315 1276 42(16), 24(17) 16 - 1311 - - 1295 - 1359 21
17 | 1359 1317 | 35(16), 31(15) ; - ; - ; 1359 ; 1407 84
16 1395 1340 82(14) 14 - 1407 - - 1345 - 1436 69
- - - - - - - - 1484 -
15 | 1426 1388 | 46(15), 16(10) 15 - 1384 - - 1426 - - 28
14 1454 1412 90(13) 13 - 1457 - - 1454 - - 16
13 1487 1433 81(12) 12 - 1494 - - 1487 - - 29
12 1547 1488 96(11) 11 - 1540 - - 1547 - - 2
11 1576 1524 56(10) 10 - 1559 - - 1576 - 1509 76
- - - - - - - - 1571 -
- - - - - - - - 1601 -
10 1623 1567 95(9) 9 - 1627 - - 1623 - - 1
9 1671 1613 99(8) 8 - 1669 - - 1671 - - 10
8 1690 1700 33(2) - - - - - 1690 - 1707 694
7 3193 3093 98(7) 7 - 3185 - - 3193 - - 0
6 3201 3103 96(6) 6 - 3192 - - 3201 - - 3
5 3212 3116 97(5) 5 - 3204 - - 3212 - - 31
4 3224 3121 99(4) 4 - 3218 - - 3224 - - 26
3 | 3208 3188 | 74(3), 26(2) 3 - 3273 - - 3298 - - 0
2 3629 3645 - - - - - - 3629 - - 93
1 3673 3559 100(1) 1 - 3694 - - 3673 - 3350 92
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Table 11.8: Descriptions of the vibrational modes of ICA.
plane bending, © - stretching, Skel. - skeleton, Ben. - benzene, Pyr. - pyrrole , def. - deformation, br. - breathing. Atom
numbering as shown in gure 11.1. A" - out of plane vibrations, A’ - in plane vibrations.

¢, - torsion (out of plane twisting), ° - out of plane bending, # - in

A" A Final
° G98 ° G98 Obs Freq Description
(cm it emih | emi?) | (emi?t)
51 92 - 92 ¢C2C10
50 99 - 929 ° Skel. def. (buttercy)
35 142 204 209 +C2C10
49 266 262 261 ¢ Skel. def.
48 284 274 283 ° Skel. def. (standing wave)
34 350 365 362 ° Skel. def., ©C2C10, +O11H
33 377 383 383 +Skel. def., +C2C10
47 459 437 435 °C4H, °C7H
32 563 567 563 +Ben. def., #C3H, *N1H, *O11H
46 572 830 826 °O11H
31 586 - 574 °Ben. def., tO11H
45 593 - 566 °C5H, -° C6H, ¢Skel. def.
44 626 539 540 °N1H
30 633 609 601 °Skel. def.,
43 643 - 615 °0O11H, -°C3H
29 686 769 768 +O11H, © Skel. def.
42 766 744 744 °C3H, -°CT7H, -° C5H, -° C6H
41 780 - 744 °C5H, °C6H, °C4H
40 809 813 809 °CT7H, -° C4H, ¢Skel. def.
28 820 - 849 ©Skel. br., ©C8C9, °C3C9, °N1C8, °C3H
39 882 853 837 °C3H, °C7H, -°C4H, °C6H, -° C5H
38 905 939 935 °C3H, °C5H, -°C7H, °C4H
27 925 890 890 ©Skel. def., ©C3C9, -°C8N1
37 983 - 950 °C4H, °C7H, -° C6H, -° C5H
26 983 964 967 °Pyr. def., °©C9C8, °C2C10, °C10011
36 1025 - 966 °C6H, -°C5H, °C4H, -°C7H
25 1041 1009 1005 +C4H, -+C7H, °Ben. br., +C5H, -+C6H
24 1095 1116 1116 +O11H, *C3H, -+N1H, °Pyr. br., °C10011H
23 1162 1150 1120 +C5H, +C6H, -+C4H, -+C7H
22 1170 1209 1149 +C3H, -+011H, +C4H, °C2C10
21 1210 1237 1210 +C5H, -+C6H, +C7H, -+C4H
20 1264 - 1235 *N1H, #C3H, +O11H
19 1281 - 1247 +C4H, +C7H, *N1H
18 1315 - 1295 +O11H, -+N1H, - +C6H
17 1359 - 1359 +O11H, +C3H, -+C4H, ° Skel. def., ©C8C9, -°C9C3
16 1395 - 1345 +C5H, +C4H, +C7H, -+C3H, -+N1H, +C6H
15 1426 - 1426 °Pyr. br., °Ben. Def., +C5H, -+C6H
14 1454 - 1454 +N1H, -+C6H, °C2N1, -°C7C6
13 1487 - 1487 +C4H, -+C7H, °C9C8
12 1547 - 1547 +C5H, #N1H, °Skel. def., ©°C9C4, °C5C4
11 1576 - 1576 °Skel. def, °Pyr. br., °©C2C3, -°C10012, +C6H, +C3H, -*N1H

Continued on next page
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A" A Final
G98 ° G98 Obs Freq Description
(emi 1) emil)y [ (emil)y | cmi1)
10 1623 - 1623 o Skel. def, °C6C5, °C8C9, +N1H, +C6H
9 1671 - 1671 °Skel. def, °C7C8, °C5C4, +N1H, +C4H
8 1690 - 1690 °C2C10, -°C10012, +O11H, °Pyr. br.
7 3193 - 3193 9C6H, -°C5H, °C4H, -°C7H
6 3201 - 3201 °C7H, °C4H, -°C6H, -° C5H
5 3212 - 3212 ©C7H, -°C4H, °C6H, -°C5H
4 3224 - 3224 ©C6H, °C5H, °C7H, °C4H
3 3298 - 3298 °C3H
2 3629 - 3629 °0O11H
1 3673 - 3673 °N1H
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Figure 11.4 : The INS spectra of DHICA, as observed (continuous line) andas calculated
(discontinuous line). Peak positions are listed in tables 1.10 and 11.9.

11.5.3 Assignment of the INS modes of DHICA

The experimental INS spectrum of DHICA is shown as the solid line igure 11.4, with the
“nal calculated spectrum for this molecule from GAUSSIAN98 and adMAX included as
the dotted line. As for ICA, small peak shifts were permitted to poduce the ideal spectral
‘1; initial and nal calculated frequencies are outlined in table 11.9. Shifts were selected to
obtain similarity to the shifts observed for ICA for the correspading mode.

As suggested by Okuda et al. [297] hydrogen bonding is signi cant DHICA in the
solid state and has a strong e®ect on the vibrational modes invislg the motion of hydroxyl
groups. This was con rmed by our assignments for ICA, where we shalthat the ° OH
mode € = 46) shifted substantially from the vacuum calculated positionof 572 cni ! to a
much higher energy 826 cm'. We have therefore made a similar shift in our assignment
of the DHICA ° OH mode (for the carboxylic acid OH group? = 48), moving it from the
vacuum calculated position of 568 ci' to a substantially higher energy 842 cim* (where a
similar peak is observed in the experimental spectrum).

DHICA also has two additional hydroxyl groups which are not preent in ICA, and we
expect that the modes involving these groups will also be substally a®ected by hydrogen
bonding. Modes 53 and 49, calculated to be at 280 tmand 506 cm ! respectively are
strongly °OH in character, so we expect these to occur at substantially high energies.
They have been shifted to 343 cit and 544 cm ! respectively, although larger shifts are
possible. Mode 46 also involveSOH motion (although it is mixed with other molecular
motions), and modes 26, 25, 22, 21 and 18 all haw¥®H character (also mixed with other
molecular motions to various degrees). The mixing of these meslis likely to reduce the
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impact due to hydrogen bonding. We have taken these e®ects iatocount in the assignment
of these modes, although unfortunately it is not possible to assighem with complete

certainty based upon this information. The detailed analysi®f this spectrum has revealed
that an INS measurement of the deuterated system would allow a ntuclearer assignment
of the modes of DHICA, particularly allowing identi cation of modes involving the hydroxyl

groups. We recommend this for future research before the modssmgnments for DHICA

listed here are used further.

The measurement of a deuterated spectrum would also allow a dleaanalysis of the
e®ect of overtones in this spectrum for a more accurate assignmerhe aCLIMAX calcu-
lated spectrum initially had a strong peak at 1026 cm' that did not appear at all in the
experimental spectrum. This peak was due to a 0-3 transition extone from the calculated
°013H mode ¢ = 53) at 343 cm 1. The overtones due to the othe® OH modes were also
unrealistically dominant, for the reasons discussed above in sect 11.4.3. The intensities
of all overtones involving® OH motions were therefore set to zero to produce a more faittfu
‘1 to the experimental data. Also, the intensity of the °NH mode € = 47) was reduced to
lessen the intensity of the overtone due to that peak. The remaing overtones around the
region 1600 crh! appear to be more reliable and have been left as calculated.

After these minor adjustments the t to the experimental data apars to be satisfactory
(‘gure 11.4) indicating that most modes are assigned correctlyVe wish to empahsise again,
however, that these mode assignments are not as reliable as thémelCA reported above,
and should be con rmed with experiments on the deuterated system



Table 11.9: Table of the ab-initio calculated frequencies (cmi 1) of DHICA compared with INS observed frequencies, as discus sed
is given in column Final Freq. G98: calculated frequencies f rom

in the text. The list of frequencies used to produce gure 11.4
GAUSSIAN98. NL: calculated frequencies from NRLMOL. ViPA m
data with respect to the modes of ICA after reference [332]; x (y) implies that this DHICA mode has x% of the ICA mode

number y (only contributions greater than 10% are included)

. A" - out of plane vibrations, A" - in plane vibrations.

ode descriptions were determined from the GAUSSIAN98

DHICA ICA DHICA
A" A Shift Shift
G98 NL G98 NL ViPA description Compare Obs Calc (obs- IR Obs INS Final (obs-
o Freq Freq ° Freq Freq (% of ICA modes) to ICA ©° (emi 1) (cmi 1) calc) [297] Obs Freq calc)
emi [ (emil) emily | (emi 1) emil [ emil) | emil) | emil) | emi 1)
57 76 65 65(50),6(41) 50 - 99 - - 99 99 23
58 86 79 79(51),5(50),5(36) 51 - 92 - - 196 196 110
39 127 117 84(35) 35 204 142 62 - 223 223 96
55 167 151 35(49), 17(36), 14(51), 13(45) - - - - - 181 181 14
54 214 195 56(48), 19(50) 48 274 284 -10 - 232 232 18
53 280 244 - - - - - - 343 343 63
38 307 304 37(21), 23(34) 21 1237 1210 27 - 334 334 27
37 314 306 42(33) 33 383 377 6 - 329 329 15
36 328 317 55(34), 12(33) 34 365 350 15 - 360 360 32
52 348 322 58(49), 24(45) 49 262 266 -4 - 432 432 84
51 392 376 34(48), 26(41) 41 - 780 - - 386 386 -6
50 439 409 92(47) 47 437 459 -22 - 498 498 59
- - - - - 392 - -
35 440 423 31(33), 29(30) 30 609 633 -24 - - 498 -
49 506 481 - - - - - - 544 544 38
34 527 509 43(45), 31(31) - - - - - 453 444 -74
33 551 529 42(31), 36(32) 31 - 586 - - 531 531 -20
48 568 501 98(46) 46 830 572 258 - 842 842 274
47 621 448 98(44) 44 539 626 -87 - 725 725 104
46 638 600 98(43) 43 - 643 - - 557 557 -81
32 647 627 22(30), 15(32), 14(23) 32 567 563 4 - 613 613 -34
31 686 668 92(29) 29 769 686 83 - 623 623 -63
45 700 674 48(45), 15(39) 45 - 593 - - 648 648 -52
44 746 697 60(42), 23(41), 14(40) 42 744 766 -22 - 686 686 -60
30 768 748 39(28), 20(25), 11(31), 11(4) 25 1009 1040 -31 - 669 669 -99
43 788 738 79(40), 12(42) 40 813 809 4 - 766 766 -22
29 795 765 47(27), 33(30) 27 890 925 -35 - 795 795 0
42 866 781 47(39), 15(38), 14(36), 13(26) 39 853 882 -29 - 779 779 -87
41 879 798 29(38), 20(36), 19(39), 19(26) 26 964 983 -19 - 880 880 1
28 880 860 53(28), 19(25) 28 - 820 - - 838 838 -42
40 907 815 43(26), 40(38) 38 939 905 34 - 877 877 -30
- - - - - 928 - -
- - - - - 966 - -
27 984 956 94(26) 26 964 983 -19 - 989 989 5
26 1085 1068 73(24) 24 1116 1095 21 1095(w) 1102 1102 17
25 1110 1102 26(24), 13(27), 11(7) - - - - 1120(w) - 1102 -
24 1160 1114 66(22) 22 1209 1170 39 1138 - 1179 -

Continued on next page
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Table 11.9 { continued from previous page
DHICA ICA DHICA
A" A Shift Shift
G98 NL G98 NL ViPA description Compare Obs Calc (obs- IR Obs INS Final (obs-
Freq Freq ° Freq Freq (% of ICA modes) to ICA ©° emil)y | (cmi 1 calc) [297] Obs Freq calc)
emil)y | (emi 1) (emil)y | (emi 1) cemil | emil) | cemil) | emil) | (emi?l)

23 1182 1143 20(22), 13(23) - - - - 1172 1179 1179 -3

22 1196 1163 25(21), 11(22) - - - - - 1179 1179 -17

21 1234 1201 23(23), 13(20), 11(18) 23 1150 1162 -12 - 1236 1236 2

20 1269 1215 84(19) 19 - 1281 - - 1236 1236 -33

19 1287 1228 61(20) 20 - 1264 - 1230 1245 1245 -42

18 1325 1295 53(18), 20(17) 18 - 1315 - 1255 - - -

17 1376 1334 61(16) 16 - 1595 - - - - -

16 1391 1360 53(17) 17 - 1359 - 1339(m) - - -

15 1435 1401 82(15), 11(14) 15 - 1426 - 1439(m) - - -

14 1452 1412 56(14), 16(13), 11(16) 14 - 1454 - - - - -

13 1513 1469 62(13) 13 - 1487 - 1474(w) - - -

12 1563 1513 67(12) 12 - 1547 - 1531(st) - - -

11 1575 1527 89(11) 11 - 1576 - - - - -

10 1639 1583 90(10) 10 - 1623 - 1541(st) - - -

9 1688 1700 87(8), 11(9) 8 - 1690 - 1684(st) - - -

8 1693 1633 83(9), 12(8) 9 - 1671 - 1597(w) - - -

7 3197 3094 37(6), 32(5), 18(7), 14(4) - - - - - - - -

6 3237 3126 36(5), 35(6), 15(7), 14(4) - - - - - - - -

5 3297 3191 100(3) 3 - 3298 - - - - -

4 3618 3634 - - - - - 3273(b) - - -

3 3628 3657 100(2) 2 - 3629 - 3273(b) - - -

2 3674 3569 100(1) 1 - 3673 - 3433(st) - - -

1 3712 3721 - - - - - 3273(b) - - -

uoISsnasiq S'IT

GoT



166

Inelasti

C neutron scattering spectroscopy

Table 11.10: Descriptions of the vibrational modes of DHICA
- in plane bending, °© - stretching, Skel. - skeleton, Ben. - benzene, Pyr. - pyrrole , def. - deformation, br. - breathing. Atom

numbering as shown in "gure 11.1. A" - out of plane vibrations,

¢

- torsion (out of plane twisting), ° - out of plane bending,

A' - in plane vibrations.

A" A' Final
0 G98 ° G98 Obs Freq Description
em i) @emit) [emih) | (emi?)
57 76 99 99 ° Skel. def. (butter°y)
56 86 196 196 ¢C2C10
39 127 223 223 +C2C10
55 167 181 181 ¢ Skel. def.
54 214 232 232 ° Skel. def. (standing wave)
53 280 343 343 °0O13H
38 307 334 334 °C2C10, +O13H, -+014H
37 314 329 329 +Skel. def., +C2C10, +C5013
36 328 360 360 °Ben. br., °C6014
52 348 432 432 ¢Skel. def., #C4H, -+C7H, -+C3H
51 392 386 386 ° Skel. def. (standing wave)
50 439 498 498 °CT7H, °C4H
392 -
35 440 - 498 °Ben. def., #C5013
49 506 544 544 °014H
34 527 453 444 °Ben. def.,, +O11H, *N1H
33 551 531 531 °Ben. def., +C3H
48 568 842 842 °0O11H
47 621 725 725 °N1H
46 638 557 557 °O11H, °Pyr. def.,, - °C3H
32 647 613 613 °Skel. def., +C7H, +C4H, -+O13H, -+014H
31 686 623 623 +C10011, +O11H, ° Skel. def.
45 700 648 648 ¢Ben. def., °C4H, -°C7H
44 746 686 686 ¢Skel. def., °C3H °C4H, -°C7H
30 768 669 669 °Ben. br., °C5C6, °C9C8
43 788 766 766 ¢Pyr. def., °C2C10, °C3H, -°C4H, °C7H
29 795 795 795 ° Skel. def.
42 866 779 779 °C3H, -°C4H
41 879 880 880 °C7H
28 880 838 838 °Skel. br, #C4H, -+C7H
40 907 877 877 °C3H, °C4H
928 -
966 -
27 984 989 989 °Pyr. br, ©C3C2, °C2N1, °C10011
26 1085 1102 1102 +011H, +C3H, -+O13H, °Pyr. br.
25 1110 - 1102 +013H, +O11H, °Ben. def., °C5013
24 1160 - 1179 +C3H, *C4H, +O13H, -+O11H
23 1182 1179 1179 +C7H, +N1H, +O13H
22 1196 1179 1179 +014H, *C7H, +*O13H
21 1234 1236 1236 +014H, +C4H, +O11H
20 1269 1236 1236 +C4H, +C7H
19 1287 1245 1245 +C3H, #N1H
18 1325 - - +O11H, °Ben. br., -°Pyr. br.
17 1376 - - *N1H, +O13H, +O14H, -*C4H, -*C7H, -+011H
16 1391 - - °Ben. br., °C9C3, °N1C8, +014H
15 1435 - - ° Skel. def, ®°N1C2, -° C6C5, °©C9C8
14 1452 - - °Ben. def, °Pyr. br.,, *C7H, -+N1H
13 1513 - - o Skel. def., +C4H, -+N1H, -+C7H, °C4C5
12 1563 - - °Skel. def., #C4H, +N1H, -+C7H, °©C4C9
11 1575 - - ° Skel. def., #C3H, °C3C2, °C10012
10 1639 - - °Skel. def., #N1H, °C5C6, °C9C8
9 1688 - - °Skel. def., °©C2C10, °©C10012, +O11H
8 1693 - - ° Skel. def., ©C4C5, °C7C8, °C10012
7 3197 - - °C4H
6 3237 - - °C7H
5 3297 - - °C3H
4 3618 - - °014H
3 3628 - - °0O11H
2 3674 - - °N1H

Continued on next page
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Table 11.10 { continued from previous page

A" A Final
0 G98 ° G98 Obs Freq Description
emih emih [ emih | emi?)
1 3712 - - °013H

11.6 Chapter conclusions

The inelastic neutron scattering spectra of ICA and DHICA powdes have been compared
to their spectra derived fromab-initio calculations. These formed the basis for the detailed
assignment schemes given in tables 11.8 and 11.10 . The carefd eeliable assignment of
these vibrational spectra forms a solid basis for study of the viational properties of the
eumelanin macromolecule. Further work is underway with th@bjective of understanding
non-radiative decay pathways in model eumelanin componestparticularly melanin dimers

and larger oligomers.
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Future research directions

There still remain many unknowns concerning the melanin systerand many possible ex-
periments that could shed light on its function and propertis. We have already mentioned
several pertinent speci ¢ experiments in earlier chapters, ihading:

2 Further use of high resolution transmission electron microscopgrfstructural measure-
ments of melanins from various sources (section 3.4.4). Thssdiscussed in more detail
below.

2 Determination of the particle size distribution for melanin stutions of the type used
for spectroscopic analysis throughout this thesis via dynamigyht scattering or other
methods (section 4.5.1). This is also discussed in more detail de&!

2 |nvestigation of the origin of the unexpectedly large devian between density func-
tional theory calculated dipole strengths and measured dip®ktrengths (section 5.5.3).

2 Determination of the reason for the increase in radiative quéumm yield as cysteinyldopa
polymerises (section 8.4.4). Spectroscopic observation of thelymerisation process
from monomer units to the macromolecule and an analysis of tligole strength during
this process (like those presented in chapters 10 and 5 for euareh respectively) may
be extremely informative.

2 |nvestigation of the e®ects of the solvent upon the spectroscopioperties of DHICA.
Particularly, accurate characterisation and understandingf the e®ects of pH, and
investigation of the possibility of the formation of a complex btween the DHICA
catecholate groups and the borax bu®er, inhibiting polymesation (section 9.4.1). The
measurement of a full ®‘uorescence map for DHICA similar to that inlapter 7 (for
eumelanin) for a variety of pHs and solvents would be extremelyene cial (section
9.4.4).
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Figure 12.1 : The rst isolated tetramer of DHI (from [36]).

2 Measurement of the inelastic neutron scattering spectrum of dewated DHICA for
accurate assignment of the vibrational peaks of DHICA (sectionl114.3).

Beyond these speci ¢ experiments, we aim in this chapter to dedwei in broader terms a few
approaches to this system that we believe may be most fruitful ithe near future, in the
light of the ideas and discussions presented in this thesis.

12.1 Isolation and characterisation of oligomers

As described in chapter 3, an absolutely essential contributiorotour understanding of
the structure of eumelanin has come from an organic chemistrypproach, isolating and
synthesising the dimers and trimers that are naturally formeddm the eumelanin monomers.
This work has allowed identi cation of the most likely covalehbinding sites of DHI and

DHICA, and given substantial clues as to the way in which polymesation occurs in this
system. This work, conducted largely by the melanin group at Nags, continues to be
massively important. For instance, they very recently publisheé an article reporting the

isolation of an eumelanin tetramer for the rst time [36]. The téramer structure, shown
in gure 12.1 reveals a previously unseen 2,3' binding betweenonomers, which should
now be included in our considerations of the possible structurésat eumelanin might take.

We believe that this organic chemistry approach will contina to be extremely fruitful, and

should be continued with vigour.

The vyields of the DHI and DHICA dimers and larger oligomers obiaed from these
studies are currently extremely low, and prohibit extensivenvestigation of their properties.
This is unfortunate, since we believe that spectroscopic analg of these species would be
extremely helpful for comparison to quantum chemical analysi and would lead ultimately
to an understanding of the spectroscopic features of eumelaniWe hope that in future it
may be possible to isolate larger quantities of these species fatemsive quantum chemical
and spectroscopic analysis, to understand their de-excitatiorathways and contributions to
eumelanin photobehaviour.

The work reported in chapter 9 of this thesis on the DHICA molede highlights how
powerful a combined spectroscopic and quantum chemical appolh can be for a well de-
‘ned system. Our research e®orts continue in this vein, since by rstnderstanding the
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properties of this simple system in detail, we can begin to undgand the properties of the
larger eumelanin system. Over time, improvements in computatnal methods will allow for
more accurate modelling of larger systems, and methods will bewi&loped to isolate larger
guantities of the experimental samples of interest. We look rfiward to the advances that
this combined approach will bring.

12.2 Comparison with other model compounds

Most biological molecules rely on extreme order for functiatity; a change in a single base
in a DNA molecule can completely destroy its functionality, ad similarly for proteins.
Melanins, on the other hand, rely on extreme chemical disordéor biofunctionality, and
appear to be somewhat unique in this regard. This makes the sty@f melanin challenging,
since the disorder makes characterisation problematic, and theds that have been well
developed for proteins cannot be easily applied.

It was suggested some time ago, however, that we should consideokiog to non-
biological systems for novel approaches to melanins. Zeise et alggested in 1992 that
carbon black particles might be an excellent model system, sea¢hey have many similar
properties to melanins, and have been well studied due to themommercial importance
[122]. This, and several other systems that appear to have quadi$ similar to melanins
might provide substantial inspiration and are outlined below.

12.2.1 Humic substances

Humic substances are the dark organic materials that result frorthe decay of plant and
animal matter. They are highly disordered, and exhibit the fbowing spectroscopic features:

2 A broadband absorption spectrum that increases exponentialljowards UV wave-
lengths [333], identical to melanins.

2 A broad and featureless emission spectrum that decreases in irgi#y and shifts con-
tinuously to the red with decreasing excitation energy [334Yery similar to melanins.

2 The radiative quantum yield is dependant upon the excitatio wavelength in a complex
manner [333], similar to melanins (although melanins exhita di®erent spectral shape
in the radiative yield).

2 The excitation spectrum has a complex emission wavelength deglance that is un-
like the absorption spectrum [335], similar to melanins (althagh melanins exhibit a
di®erent spectral shape).

Although humic substances are biological in origin, they are mdiologically functional in
the same way that melanins are (being mostly waste matter). Thimakes the similarity
between melanins and humic substances somewhat surprising. Néwveless, we believe that
the similarities between these two systems makes it worth keepia close eye on the literature
concerning humic substances for new theories, ideas and apuites.
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As for melanins, the broadband absorbance of humic substances a#ns unexplained,
although it has long been assumed to be due to chemical heterogity (as is proposed for
melanins in the chemical disorder model). Interestingly, a cent paper by Del Vecchio and
Blough reports laser photobleaching experiments that suggeiat a linear superposition of
absorption spectra from chemical disorder may not be sutcient toxplain the broadband
absorption spectrum of humic substances [336]. They propose irstethat the broadband
absorbance is due to a continuum of coupled states resulting fmointramolecular charge-
transfer interactions, and hypothesise that this model is likglto also apply to melanins.
This is a fascinating proposal and certainly deserves furthemvestigation. For this reason,
the application of hole burning techniques to melanins is sicussed below.

12.2.2 Soots, carbon black and amorphous carbon

Soots and carbon black are the black carbonaceous byprodsiobtained from the combustion
of fossil fuels. Soots are thought to be co-responsible for glolvedrming processes (since
they strongly absorb UV and visible light in the atmosphere), and &ve therefore been
the topic of considerable interest in recent years. A great deaf recent research aims to
characterise the particles produced and their spectroscopicoperties, and it seems that
soots, consisting mostly of carbon and hydrogen in a strongly dis@d graphitic structure
[337], are extremely similar to melanins in many ways.

High resolution transmission electron microscope (HRTEM) images soot particles ap-
pear to be remarkably similar to those of melanin particles. A fudamental crystallite unit
is commonly identi ed, consisting of 5-10 sheets of carbon atomsgth an external size of
2 - 3 nm, very similar to the structures identi ed for melanins [38{340]. Typical HRTEM
images of soot particles are shown in gure 12.2 for comparisonthvthose of melanin in
“gures 3.15 and 3.16 [341]. Note that both form graphitic sheetnd onion-like structures
[342, 343]. The formation of these structures in soot is known toe strongly temperature
dependant (higher temperatures produce more ordered struces with lower curvature), and
it is fascinating to consider what equivalent processes mightalate structure at this level
in melanins. HRTEM has been so useful for the analysis of structure these systems that
we have included it below as a technique that should be applieduch more extensively to
our system.

Studies on carbon blacks have shown direct links between natroicture and optical
properties. %j ¥4 transitions are known to occur in the far UV, between 60 and 100 nm
whereasy4 ¥4 transitions occur in the range 180 to 260 nm [344]. This lowenergy band has
been shown to disappear for Sgsp? ratios less than 1, because thg; ¥z band is lost in the
slope of the much more intens&sj %2 transition; this may suggest that melanins have very
low sp® character (since we have not observed ¥4 peak in UV/visible absorption spectra)
[345]. The position of the lower energy band is also extremelynséive to nanostructural
changes [346, 347]; for example, the graphitization proce@weating to produce ordered
lattice planes) redshifts the absorption peak by 220 nm [348, 34 and the width of the
Yai Y2 transition is known to be strongly a®ected by the state of agglomagion [350, 351].
Secondary structure also signi cantly a®ects the complex refta@ index of soot particles
[349, 352]. These features strongly suggest that detailed spesitopic analysis can be a
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(a) Soots derived from acetylene

(b) Soots derived from ethanol

Figure 12.2 : HRTEM images of soot particles formed at 1656C (from [341]).

powerful non-invasive probe of structure in these systems, and eafsise the importance of
accurately characterising the structure of melanin for intgaretation of UV/visible spectra.

The way in which the nanoscale structure of soot particles inu@es other properties
has also been a topic of interest, including investigations oheir electrical properties and
water adsorbability [337]. New techniques are constantly bejndeveloped and applied to
these carbon based systems; for example the near edge X-ray absormptine structure
(NEXAFS) spectrum of soot particles has recently been charactead, giving important
microstructural details such as the degree of graphitizatio[849, 353]. Electron energy loss
spectroscopy (EELS) has also been an extremely important tedqne for investigating the
relative amounts of sp and sp’ carbon hybridisation in soots for quantitative structural
analysis [345, 354].

Given the similarities of these systems to melanins, and the rapydgrowing interest in
environmental monitoring and the impacts of pollution, we klieve that the ongoing research
in this eld will have a lot to o®er melanin scientists.
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12.2.3 Disordered polymers

We believe that polymer science could be extremely useful whepplied to melanins. Poly-
mer chemists are skilled at dealing with disordered systems withveide range of molecular
weights, and have developed methods and a nomenclature foaddcterising and describing
systems in terms of statistical averages, rather than strictly de @d structures. Methods
such as solid state NMR, Raman scattering, infrared spectroscopy, rdy di®raction, TEM

and dynamic light scattering have all been applied to a wide veety of disordered organic
polymer systems with great success [355, 356]. Of these, we discyssanhic light scat-

tering below, since we believe this has not been yet been applito the melanin system.
Polymer scientists also continue to develop theoretical micstructural models for disordered
systems, and these could provide a wealth of inspiration for way$ modelling the melanin
system [357]. For these reasons, we propose that collaborationtwtolymer scientists with
experience working on disordered organic polymers could bdremely productive.

12.3 Application of speci ¢ methods

An analysis of the literature regarding the model systems descetl above has highlighted
several experimental methods that might be successfully apali¢o melanins. We outline
these brie°y in this section.

12.3.1 High resolution transmission electron microscopy (HRT EM)

HRTEM has become the preferred method for characterising theanostructure of carbona-
ceous materials because it is easy to interpret, and is so sengtito subtle di®erences in
structure [341]. It has been extremely successfully applied thbea analysis of soot particles,
and other carbonaceous materials and we believe that the tial meaurements made by our
group only begin to show how useful this technique will be for #hanalysis of nanoscale
structure in melanins.

12.3.2 Dynamic light scattering

Dynamic light scattering is a powerful method that is commory used for measuring particle
sizes in colloidal solutions. In this method, a beam of light is attered from the solution.
The intensity of the scattering varies over short time scales due Brownian motion of the
particles (which is strongly dependant upon particle size). Ae time that it takes a particle
to traverse the beam can be detected via the change in the scaiteg signal and the size of
that particle therefore determined [358]. We did attempt taapply dynamic light scattering to
melanin solutions through the course of our research but werendiered by the fact that the
particles appeared to be too small and weakly scattering to givsutcient signal. However,
the massive usefulness of this method to polymer scientists and lbists means that there
are continual improvements in the technology, and the lateshstruments are now reaching
the sensitivities required for measuring particles of the sizédught to be present in melanin
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solutions [358, 359]. This may be another method that can be wséor characterising our
system conveniently, rapidly and non-invasively under variaiconditions.

12.3.3 Hole burning spectroscopy

Hole burning spectroscopy has been extremely useful for examipithe electronic absorption
and de-excitation processes of many important materials anddmolecules, including various
polymers [360{362] and the photosynthetic complexes [363[he method involves exciting
the sample of interest with intense monochromatic light (with azery narrow spectral width)
to deplete the electronic ground state. The sample is then preld (either in absorbance or
emission) to observe the remaining spectral hole. The natural sgeal width of a chemical
species is subject to many forms of inhomogeneous broadeniagectral broadening due to
the fact that each chemical species is in a slightly di®erent earanment). Hole burning
spectroscopy allows probing of the homogenous line width anther properties of a single
species within the distribution [364]. There are many variatins on this broad type of
experiment, including persistent spectral hole burning, trasient spectral hole burning (pump
probe, or single laser), “uorescence line narrowing and photebkthing [365].

Our interest in this technique stems from the fact that it has ben applied to humic
substances, with the results suggesting that the chemical disorderodel is not sutcient to
explain the broadband absorbance spectrum [336]. The authansed a laser to selectively
destroy species absorbing at speci ¢ wavelengths, and used absanpspectroscopy to follow
the photobleaching. They observed a variety of interesting &ures that were inconsistent
with the chemical disorder model including a high energy abgation band centered at 300 nm
for all species in solution, and absorption losses only within admd hole near the irradiation
wavelength for short irradiation times. These intriguing resu$ suggest that photobleaching
and/or hole burning spectroscopy could be an excellent probé&the chemical disorder model
for melanins. We propose that an extensive hole burning study ofatanins could provide
genuine con rmation of the chemical disorder model.

12.4 Chapter conclusions

There are many interesting experiments that could be conduetl for melanins, and we have
outlined in this chapter several that we believe might be mostditful. The best approach is
likely to be a thorough investigation of literature concermg soots, carbon blacks, amorphous
carbon, and humic substances for an analysis of the methods artkories that have made
the most progress towards understanding these systems. Transmissitec&on microscopy,
dynamic light scattering and spectral hole burning are severaéchniques that appear to
show particular promise for melanins.
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Conclusions

Explaining the broadband absorbance of melanin

Melanins are a fascinating biological material with many irgresting macroscopic properties
that remain thus far unexplained, despite substantial researce®orts. They have a broad-
band absorbance spectrum that is atypical for an organic chrasphore, the explanation of
which remains one of the most important questions facing the damin research commu-
nity. In chapter 2 we discussed three possible explanations forishbroadband absorption
spectrum that have been proposed in the literature. The rst of thse is that the broad-
band spectrum is due to scattering rather than electronic abslbance. We have successfully
eliminated this option through a careful measurement of thentegrated scattering from a
solution of eumelanin, as presented in chapter 4. This showedhtithe scattering intensity is
negligible and that the majority of the optical density of eunelanin solutions is due to true
electronic absorbance. This result also has very signi cant inpations for the spectroscopy
of eumelanin, since it allows the uninhibited measurement of@perties such as the radiative
guantum yield (the contribution of scattering to this measurenent was previously a serious
concern).

A second explanation for the broadband absorbance spectrum otlanin that has per-
petuated for decades is the amorphous semiconductor modei.this model, eumelanin is an
amorphous semiconductor that has an electronic band structeiwhich gives rise to a broad-
band absorption spectrum. A review of the literature concerng the structure of eumelanin
(chapter 3) reveals that eumelanin consists of a highly hetegeneous collection of small
oligomeric species. As discussed in section 2.3, organic semicotadaare typically either
large polymers, or relatively structurally homogeneous smatlligomers. This casts doubt
upon the amorphous semiconductor model for eumelanin, althgh we cannot de nitively
eliminate this model based upon the evidence currently avable.

The data presented in this thesis is most consistent with the cheoal disorder model, the
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third and nal explanation of the broadband absorption spectrm. In this model, broadband
absorbance is due to the superposition of the peaked absorptioresfra of many chemically
distinct species. Detailed spectroscopic analysis of eumelanieported in chapters 6 and 7,
reveals a variety of features that are atypical for an orgaaichromophore, including

2 violation of the mirror image rule,

2 violation of Kasha's rule (excitation energy dependance irhe shape of the emission
spectrum), and

2 excitation energy dependance in the radiative quantum yie!

All of these features are logically explained by the chemicalsbrder model. We propose that
hole burning experiments may provide de nitive evidence fathe chemical disorder model
and should be conducted as future research (as discussed in chap®).

Through our investigation of the literature concerning the mlecular structure of eume-
lanin (reported in chapter 3) we have come to appreciate thahe structure of eumelanin
is poorly de ned. This hinders almost all analysis on this systemnd makes modelling
extremely challenging. We emphasise that the “stacked protofeoule’ structural model of
eumelanins has become accepted as dogma in some cases, but geal experiments upon
which this model was based were not de nitive. Further con rmabn of this model should be
sought before it is accepted, and the degree of chemical heigeneity in this system should
be included more rigorously in future structural models. The &hniques and nomenclature
used for the analysis of disordered polymers may be of signi cardauin this endeavour. Ad-
ditionally, transmission electron microscope (TEM) images ofuenelanin suggest that this
technique shows great promise for the investigation of the striuze of melanins.

We have measured the transition dipole strength of eumelanin drshown that it is not
exceptionally large (as might be expected of a photoprotett), but is, in fact, typical of an
organic chromophore (chapter 5). We have also shown thab-initio density functional the-
ory calculations can predict trends in the transition dipolestrength, although we discover
an unexpectedly large quantitative deviation from experimntal values. This fascinating
‘nding is believed to be related to the system under study, rathethan to the computa-
tional technique, and warrants further investigation. The gr-monomer dipole strength has
been shown to increase slightly upon polymerisation from DHICA ia the eumelanin macro-
molecule, with the magnitude of hyperchromism being typicadf an organic macromolecule.
Most signi cantly, the small magnitude of the increase is consistemith the chemical dis-
order model.

In summary, of the three explanations of the broadband absorbae spectrum of eume-
lanin discussed in this thesis, the chemical disorder model is supieal by all experimental
evidence and appears to be the most likely.

Energy dissipation in melanins

In the second half of this thesis we reported a detailed study dfé dissipation process that
occur in melanins, with a particular focus on radiative dissigagon. Previous measurements
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of the spectroscopic properties of eumelanin (such as emissiom &xcitation spectra) have
shown a great lack in consistency due to a variety of e®ects. Two betmost signi cant
of these are re-absorption and inner Iter e®ects. We presented ihapter 6 a method to
correct for these, and showed that it is highly e®ective. This rtied has been applied to
perform the most accurate and detailed characterisation of éhspectroscopic properties of
eumelanin to date, including

2 emission spectra for a variety of excitation wavelengths,

2 excitation spectra for a variety of emission wavelengths,

N

the radiative quantum yield as a function of excitation wavkength,

N

a UV/visible °uorescence map, and

N

a UVvisible speci c radiative quantum yield map

(as presented in chapters 6 and 7). We recommend that all futeirspectroscopic studies
on melanins utilize this method. Signi cantly, we have used ito make the rst accurate
measurement of the radiative yield of eumelanin showing it toebextremely low & 0:1%),
consistent with the pigment's role as a photoprotectant.

Additionally, we reported in chapter 8 a detailed charactegation of the spectroscopic
properties of pheomelanin. Pheomelanin was discovered tohéit a dual peaked emission
spectrum (as opposed to the single emission peak observed for eamel), and was found
to have a radiative yield of» 0:2%, double that of eumelanin. As a signi cant biomolecule
that is closely related to melanoma skin cancer, pheomelanirawants further investigation,
and we have shown that spectroscopic methods provide a sensitivelge for this purpose.

Spectroscopic analysis of the key eumelanin monomer 5,6-dihgxyindole-2-carboxylic
acid (DHICA), reported in chapter 9, showed that it is a well behaed organic chromophore
with a typical extinction coexcient, emission and excitation sgctra and radiative quantum
yield. The radiative yield was revealed to be much larger thmthat of eumelanin, being
» 60%. Violation of the mirror image rule was discovered by the psence of a shoulder
in the absorption spectrum that is absent in the emission spectrunilhis was investigated
via highly sophisticated quantum chemical calculations whirc suggest that DHICA may
undergo convergent adiabatic and nonadiabatic excited-g&intramolecular proton-transfer
(ESIPT) processes. This has the interesting implication that gton-transfer processes may
be involved in energy dissipation in eumelanin. Spectroscopbservation of the formation
of eumelanin from DHICA suggests that the emission spectrum can bsad as an e®ective
probe of the concentration of DHICA remaining in solution (chpter 10). Additionally,
emission and excitation spectra suggest that all the oligomeric sges formed from DHICA
have substantially lower radiative quantum yields than the moomer.

Finally, in chapter 11 we reported preliminary research intthe non-radiative dissipation
processes in eumelanin. We conducted the rst inelastic neutronattering (INS) study of
eumelanin precursors, measuring the INS spectrum of indole-2Moaxylic acid (ICA) and
DHICA. The peaks in these spectra were assigned to vibrational madealculated using
ab-initio density functional theory based upon our previous assignment thfe INS spectrum



180 Conclusions

of indole and other published vibrational spectra (infra-recand Raman). This study forms
a careful foundation for analysis of the vibrational properes of eumelanin in later studies.

The work reported in this thesis forms the essential and critidarst steps towards un-
derstanding the energy processes in melanin. We believe we havaducted an accurate,
guantitative, careful and thoughtful foundation on which we can build extremely sophisti-
cated analyses of this fascinating system.
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