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Abstract

Melanin exhibits a broadband absorbance spectrum that appears to be unique amongst func-
tional biomolecules. Explaining the origin of this spectrum is one of the primary challenges
facing this ¯eld. Three main theories have been proposed: 1) The optical density is due to
scattering, 2) Melanin is an amorphous semiconductor which then naturally exhibits broad-
band absorbance, or 3) Melanin has a large amount of chemical heterogeneity (or disorder)
which leads to a broadband absorbance spectrum through superposition of the absorbance
spectra of many species (the chemical disorder model). We discussthese models and the
experimental evidence for each. We report direct experimental evidence that the optical
density is not a consequence of scattering processes, and is due to true absorbance. Distin-
guishing between the two remaining explanations leads us to adiscussion of the molecular
structure of melanin, an issue which remains unresolved. We include a literature review,
summarising the important structural ¯ndings for melanins, and conclude that the evidence
suggests that melanin consists of a heterogeneous collection ofsmall oligomers, which points
towards the chemical disorder explanation for broadband absorbance. We caution, however,
that the amount of chemical disorder obviously prevalent in this system is often neglected
in discussions of the structure of melanin. We show that the oscillator strengths of melanin
and its fundamental components are naturally explained by the chemical disorder model, as
are their emission and excitation spectra and their radiative quantum yields. We show that
the emission properties of melanin are not consistently reported in the literature, which is in
part due to the strong re-absorption that occurs in this system, and we emphasise the im-
portance of correcting for this e®ect in any measurement of the°uorescence of melanin. The
emission properties of synthetic pheomelanin are reported, and are found to be di®erent to
those for eumelanin, suggesting di®erent energy dissipation processes for these pigments. We
also report a careful study of the spectroscopic properties of DHICA (5,6-dihydroxyindole-2-
carboxylic acid), a key melanin monomer, and propose, based onthese results, that proton
transfer processes contribute to energy dissipation in this molecule. The radiative yield of
melanin is measured to be extremely small (< 0:1%), which is consistent with melanin's
biological role as a photoprotectant, and suggests that non-radiative energy dissipation pro-
cesses are very important for melanin. As a result of this ¯nding wemeasure the vibronic
structure of eumelanin related molecules using inelastic neutron scattering and accurately
assign the vibrational modes using density functional theory calculations. This provides an
important ¯rst step towards understanding the non-radiative processes in melanin energy
dissipation and its biological functionality.
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1
Introduction

Melanin is a dark biological pigment found throughout nature. It is a predominantly in-
dolic macromolecule [1], although the name conveys no chemical information, and means
simply `black' [2]. There are many di®erent types of melanin, including eumelanin, pheome-
lanin, neuromelanin and allomelanin. Eumelanin and pheomelanin are both found in the
skin, hair and eyes of many animal species, including humans, where they act as photo-
protectants (absorbing harmful ultraviolet and visible radiation). Eumelanin is known to
be a macromolecule of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid
(DHICA), and is black to brown in colour [3]. Eumelanin is the most extensively studied
of all melanins since it is the primary pigment found in human skin, although it also forms
the major component of squid ink and is responsible for the dark colouration in feathers [4].
Pheomelanin is a sulfur containing macromolecule composed of1,4-benzothiazine units, and
is red to yellow in colour (pheomelanin is responsible for the colouration of human red hair
and chicken feathers [5, 6]). This thesis deals largely with eumelanin, although pheomelanin
will be discussed in more detail in chapter 8.

The other varieties of melanin (including allomelanins andneuromelanins) 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 is found in the brainstem and
inner ear of humans and higher primates where its role is unknown, although it is thought
to have some biological signi¯cance; neuromelanin is decreasedor absent in individuals with
Parkinson's disease, for example [7, 8]. It is not clear whetherthe relationship between
neuromelanin and Parkinson's disease is causal, although it is suggested that the pigment
might modulate neurotoxic processes through interaction through iron, binding of drugs or
reaction with free radicals and free radical producing species [9]. Additionally, albinism often
leads to deafness in animals, suggesting biological functionality [10].

1
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Figure 1.1 : A melanocyte residing in the basal layer of the epidermis. In 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 keratinocytes (from [14]).

1.1 Melanin in human skin

Three main pigments contribute to the colour of healthy human skin: melanin, oxygenated
haemoglobin (red) and reduced haemoglobin (blue); absorption spectra of these are shown
in ¯gure 2.2. Of these, it is the size, type and distribution of melanin 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 corneum is approx-
imately 0.01 to 0.02 mm thick and consists mainly of dead cells which scatter light but do
not have signi¯cant absorbance for wavelengths longer than 300nm (for wavelengths shorter
than 300 nm protein and nucleic acid absorption become signi¯cant). Below this lies the
stratum spinosum, which is 0.027 to 0.15 mm thick. This is the layer that contains melanin
pigment in cells called keratinocytes. Below the stratum spinosum is the dermis, which is
0.6 - 3 mm thick [11, 12]. Melanin is synthesised in specialised cells called melanocytes,
which are located in the basal cell layer, between the stratum spinosum and the dermis. The
melanin is packaged into particles called melanosomes (which also contain structural protein
[13]), and then transported via melanocyte dendrites into keratinocytes. Keratinocytes then
move outwards to distribute melanin throughout the epidermis [7].

Melanin pigmentation of human skin has two major components -constitutive skin colour
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(the natural colouration of skin in the absence of irradiationby light), and facultative skin
colour (hyperpigmentation of the skin in response to direct exposure to ultraviolet light,
or \tan"). This hyperpigmentation has two components, a short-lived immediate tanning
reaction, and a delayed reaction [15]. The mechanism by whichthese tanning processes occur
is not well understood, but is known to include melanosome formation, melanin production
and melanosome transfer, as well as an increase in the number of melanocytes [4].

1.2 Interest in melanin

Paradoxically, although melanin is a photoprotectant it has also been implicated in the chain
of events that lead to malignant melanoma skin cancer [16{18], although this link is very
poorly understood. Highly pigmented skin is more protected from carcinogenesis than un-
pigmented skin [19], but it has been suggested that pheomelaninmay actually function as
a photosensitizer [20], and has been shown to actually enhance DNA damage in cells in
response to ultraviolet radiation [21, 22]. The skin is the most common site of cancer in
humans [19], and although melanoma is one of the rarer types of skin cancer, it causes the
majority of skin cancer related deaths [23]. According to the World Heath Organisation,
approximately 48,000 melanoma related deaths occur each year [24]. This makes under-
standing the biological functionality of melanin and its role in melanoma a health priority,
particularly for countries with high levels of solar radiation such as Australia. Melanin also
plays a central role in a variety of highly visible and inconvenient pigmentary disorders such
as albinism and vitiligo [25].

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

As a third point of interest, melanin exhibits interesting physical and chemical prop-
erties such as anti-oxidant and free-radical scavenging behaviour, metal and drug binding
properties [29{32], broad band ultraviolet and visible absorption and strong non-radiative
relaxation of photo-excited electronic states [33]. Apart from making melanin fascinating to
study, these properties make it a potentially useful material for devices and other technolo-
gies. Possible examples include highly e±cient broadband singlephoton counters (supercon-
ductor based bolometers with a thin eumelanin ¯lm as the sensitising pigment), extremely
sensitive humidity sensors (based on the extreme sensitivity of eumelanin solid state con-
ductivity to hydration [34]), organic semiconductor electronics and solar cells [35, 36]. A
fundamental understanding of the functioning of the pigmentand how its molecular scale
structure in°uences its macroscopic properties is essential forthese applications. Establish-
ing the relationship between eumelanin structures and properties 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 reaction catalysed by the enzyme ty-
rosinase, as outlined in the scheme depicted in ¯gure 1.2. Analysisof this synthetic process
and ¯nal eumelanin structure is extremely di±cult due to the highly unstable nature of
the reaction intermediates, and extremely stable and insoluble nature of the ¯nal product
[4]. Nevertheless, intermediates have been identi¯ed, largelydue to the pioneering work
of Raper and Mason [37, 38]. The enzyme tyrosinase acts on dopa and tyrosine to pro-
duce dopaquinone, which reacts to form dopachrome (a red compound). Dopachrome is
rather stable, but will spontaneously decompose to form DHI (5,6-dihydroxyindole), giving
o® CO2. If the enzyme dopachrome tautomerase is present (Dct), dopachrome will instead
tautomerise to give mostly DHICA (5,6-dihydroxyindole-2-carboxylic acid), retaining the
carboxylic acid group [39]. Hence the availability of Dct will determine the relative amounts
of DHI and DHICA produced, and therefore the ratio of these components in the ¯nal eu-
melanin macromolecule. This ratio will also be a®ected by other enviromental factors, and
hence varies widely depending upon the source of the eumelanin under study [40].

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

Melanin must be extracted from biological systems for study, andthe extensive amount
of bound protein must be removed. This is often achieved via harsh processes such as
acid/base treatment, which is known to severly disrupt the properties of the pigment [41].
Much milder enzymatic methods are also available to extract melanin from hair, skin and
eye tissue yielding melanin that is closer to its natural state [42]. It has become common
practice to use eumelanin extracted from the ink sac of the cuttle¯sh Sepia o±cinalis as a
model eumelanin pigment since it is readily available and easily extracted via mild techniques
which yield a uniform black pigment that is appropriate for use as a standard [43].

Material that is termed `synthetic melanin' is also often used as a standard for natural
melanins. Synthetic melanin is formed under a variety of conditions in vitro including:

² Biomimetic conditions - oxidation of DHI with enzyme tyrosinase in aqueous bu®er
at neutral pH. This would seem to be the best synthetic method sinceit is closest to
the natural system, but unexpectedly eumelanin formation occurs very slowly under
these conditions, even in the presence of large amounts of enzyme [44]. Additionally,
it is challenging to control and measure the activity of tyrosinase during this reaction,
giving poor reproducibility [3]. Enzymatic preparations may also be performed with
the alternate substrates of dopa and tyrosine.

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

² A peroxidase/H2O2 couple induces a complete and rapid conversion of DHI to eume-
lanin in aqueous bu®er at biomimetic pHs [44]. Similarly, a synthetic eumelanin is
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Figure 1.2 : Melanin biosynthesis (from [39]). The eumelanin scheme islargely credited to
Raper for his pioneering work on eumelanin biosynthesis in 1927 [37, 38].

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

The resulting black pigments show great similarity to natural eumelanin, although proof
that they are identical to natural eumelanin remains lacking [2, 3]. Synthetic eumelanin
is convenient as a model system for pioneering new methods or theories to treat this di±-
cult material, and since they are produced under controlled conditions and contain known
monomeric units they o®er advantages for analysis over the more complex naturally ex-
tracted melanins. However, if substantiation of biological hypotheses is required care should
be taken to use naturally derived melanins extracted using mild treatments [4, 42].

Throughout this thesis we use autoxidative dopa eumelanin as asynthetic analogue for
natural eumelanin. Because we use a synthetic compound we avoidmany of the problems
of working with the natural pigment (such as incomplete removal of proteins, complex sec-
ondary structures and lack of experimental repeatability),and this allows us to make better
progress towards understanding the structural and spectroscopic properties of this di±cult
system. We strongly caution the reader, however, that syntheticeumelanin should not be
assumed to be identical to natural eumelanin. The experimental techniques and insight that
we have gained from working with the synthetic system should be independantly veri¯ed in
the natural system before any conclusions about biofunctionality 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 the absorption processes
in eumelanin. Chapter 2 begins with a discussion of the broadband absorption spectrum
of eumelanin, and outlines possible explanations for this spectrum. The signi¯cance of
understanding the molecular structure of eumelanin is outlined, which leads into chapter
3; this chapter contains a comprehensive review of the literature concerning the molecular
structure of eumelanin. These early chapters do not include new research, but instead
provide a critical framework for the work presented in this thesis.

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

Chapter 5 presents a study of the oscillator strength of eumelanin. Nature typically
designs molecular systems that are extremely e±cient at ful¯lling their functions, so one
might expect that as a biological absorber, eumelanin might have an exceptionally strong
oscillator strength. Interestingly, this was not found to be the case, suggesting that eumelanin
ful¯ls its biological role through more primitive means. The work contained in this chapter
was published in Physical Review E in a form very similar to that presented here (reference
[46]).

The second part of this thesis deals with energy dissipation processes in melanin. The
early chapters deal with radiative emission (an e®ective non-invasive probe of molecular
properties). Chapter 6 presents a careful study of the steady state emission properties
of eumelanin, corrected for reabsorption and inner ¯lter e®ects, the signi¯cance of which
has been long neglected in spectroscopic literature regarding eumelanin. 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 afunction of excitation and
emission wavelength in chapter 7; these results were published ina similar form in the
Journal of Chemical Physics [48]. Chapter 8 presents a carefulstudy of the steady state
emission properties of pheomelanin pigment, and a discussion of the signi¯cance of the
di®erences between pheomelanin and eumelanin; these results have been 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 signi¯cance of understanding
the properties of the fundamental melanin components, DHI andDHICA, which have been
spectroscopically very poorly characterised to date. This inspired a quantitative study of the
absorption and emission properties of DHICA (chapter 9), and thespectroscopic observation
of DHICA as it polymerises to form melanin (chapter 10). Some ofthe most signi¯cant
results in chapter 9 formed the basis for a sophisticated theoretical study on DHICA and
were included in the publication of these results in the Journal of the American Chemical
Society (reference [50]).
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The last chapter of this thesis (chapter 11) presents inelastic neutron scattering mea-
surements on key melanin monomers; this research begins to delve into the non-radiative
processes that are thought to be the predominant form of energydissipation in this system.
Future research based on these initial careful studies should shedlight on the vibrational
processes that are so essential for the functioning of this pigment. The ¯nal chapter contains
a discussion of possible future research directions (chapter 12).
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Part I

Explaining the broadband absorbance
of melanin
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2
The broadband absorption spectrum of

melanin

2.1 Measuring absorption

The Beer-Lambert law describes the exponential attenuationof light as it passes through an
absorbing medium

I = I 0e¡ ®d (2.1)

where I 0 is the initial intensity of the light and I is the intensity after passing through a
distanced of material with an absorption coe±cient® (note that this is the manner in which
the absorption coe±cient is de¯ned). The experimentally measured absorbance of a material
will typically be reported as one of the following three quantities: the absorbance,A (also
called the optical density,OD)

A = log10

µ
I 0

I

¶
(2.2)

the absorption coe±cient,®

® =
1
d

ln
µ

I 0

I

¶
(2.3)

=
A
d

ln(10) (2.4)

or the (molar) extincition coe±cient, ²

² =
1

Cd
log10

µ
I 0

I

¶
(2.5)

=
1

Cd
A (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.

whereC is the concentration of the absorbing species (this can be measured in a variety of
units, and care must be taken to ensure that the dimensionality ofthe above expressions
is maintained). ² is unique to a particular substance and independent of experimental pa-
rameters such as concentration1 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 situationdepends 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. For example, consider the
UV/visible absorbance spectra of some of the most signi¯cant plant pigments shown in
¯gure 2.1 (from reference [51]). The chlorophylls (Chl a and b) are the primary pigments
responsible for photosynthesis in plants, beta carotene is a typeof carotenoid that also ab-
sorbs incident radiation and contributes energy to photosynthesis, and anthocyanins are the
third major group of pigments in leaves, but their biologicalfunction is not widely agreed
upon [51]. Most signi¯cantly, all of these important biopigments have distinct absorbance
peaks, as is typical of biomolecules. These peaks are associated with transitions between
discrete electronic energy levels.

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

1The extinction coe±cient 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 limited to) multiple
scattering may cause non-linearity in the absorption coe±cient with concentration.
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Figure 2.2 : Absorbance of the major pigments found in human skin, measured in vitro (from
[52]). Note that due to the unknown molecular structure of melanin a molar extinction coe±cient
cannot be de¯ned in the same manner, hence it is represented ona di®erent scale.

haemoglobin, the absorbance spectra of which are shown in ¯gure 2.2. Spectra of bilirubin
and ¯ -carotene, other pigments found in skin, are also included (bilirubin is a breakdown
product of normal haem catabolism which is responsible for the yellow colouration of sub-
jects su®ering from jaundice). With the exception of melanin,all the skin pigments shown
have clearly peaked absorption spectra. Melanin, however, exhibits an unusual broadband
absorption spectrum. The broadband nature of the melanin spectrum is likely due to its
photoprotective role (a peaked spectrum would transmit photons of certain wavelengths).
The absorbance of melanin increases monotonically towards higher energies, probably to
give increased protection against the most damaging high energy photons. Interestingly, the
spectrum of melanin in the visible range is very close to exponential when plotted against
wavelength, as demonstrated in ¯gure 2.3; the signi¯cance of this simple dependance is un-
known. Absorbance lineshapes are expected to be broadened in a gaussian manner when
plotted against energy (rather than wavelength), so a simple dependance of lineshape upon
wavelength is unexpected, and possibly coincidental.

The origin of the broadband absorption spectrum of eumelanin has long been the topic
of scienti¯c debate, which continues to this day. There are three main alternative models:

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

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

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

Chapter 4 of this thesis deals entirely with the ¯rst of these models; our measurements
show that the eumelanin absorption spectrum is not due to scattering and is due to true
electronic absorbance. We will discuss the two remaining models here.
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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 datais 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 amorphoussemiconductor model
naturally explains the black colour of eumelanin (broadband absorbance) [55]. In this model,
eumelanin consists of a large indole heteropolymer which has adelocalised¼system. This
leads to an amorphous semiconductor band structure and therefore a broadband absorption
spectrum. Further support of this model was published in 1974 when McGinness et al.
reported amorphous semiconductor switching behaviour in eumelanin ¯lms, which had only
been previously observed in inorganic materials [56]. Also in favour of the semiconductor
model, later reports suggest that eumelanin exhibits the thermoelectric e®ect with a negative
charge carrier (under vacuum) [57, 58], and show that increasing temperature increases the
conductivity of eumelanin samples [59]. In 1961 Pullman and Pullman applied Huckel ¼-
electron theory to a hypothetical eumelanin polymer model and showed that they could
successfully explain the electron-acceptor and semiconducting properties of eumelanin in
this model [60]; this work was later extended by Galvao and Caldas [61{64]. This extensive
body of research in favour of the heteropolymer semiconductormodel 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 conditions suggest a positive charge
carrier [65], as do measurements of the thermoelectric e®ect under ambient conditions (as
opposed to the negative sign observed under vacuum) [57], and coulombmetric studies suggest
that protons in fact form 65% of the charge carriers in eumelanin [66]. Also a problem for
the semiconductor model, non-ohmic behaviour has been observed [58, 67]. Additionally,
in this model we would expect to see a band gap manifesting as a low energy band edge;
this has never been observed in absorption spectra of eumelaninsolutions 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 thismodel suggest that the
apparent lack of a band gap may be explained by scattering and/or the band edge tails that
are observed in amorphous systems.

Assuming an amorphous semiconductor model, several authors haveattempted to predict
the solid state energy gap from the shape of the absorption spectrum using a Tauc approach
(the slope of a plot of (®E)1=2 vs E gives the energy gap, where® is the measured absorption
coe±cient and E is the excitation energy). Varied energy gap estimates have resulted, from
3:4 eV [68] to 1:2§ 0:2 eV [69]. Photopyroelectric spectroscopy provides an alternative probe
of the energy gap; recent measurements suggest there may be a fundamental \partial" gap
at 1:7 eV [70, 71]. The disparity in these results suggests that the absorption spectrum of
eumelanin is not a sensitive probe of electronic structure, or alternatively that eumelanin
should not be modelled as an amorphous semiconductor.

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

Many organic semiconductors have been well studied, some oligomeric such as pentacene,
anthracene and rubrene, others polymeric, such as poly(3-hexylthiophene), polyacetylene and
poly(p-phenylene vinylene). All are highly conjugated, containing either a high proportion
of carbon-carbon double bonds, or a large amount of aromaticity. This predominance of
¼-bonding gives su±cient delocalisation to produce semiconducting behaviour and therefore
broadband absorbance through an electronic band structure. Most importantly, most organic
semiconductors are highly structurally ordered, and small oligomeric organic semiconductors
are ordered to the point of being crystalline in nature. We propose then that in order to have
convincing evidence that eumelanin should be described as an amorphous semiconductor we
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Figure 2.5 : Melanin conductivity vs hydration (from [34]). Compare wi th ¯gure 2.6.

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 units, or of large polymeric
chains (possibly with some disorder). As shall be discussed in detail in chapter 3 there
is a wealth of experimental evidence suggesting that eumelanin is not highly ordered; in
fact, disorder is known to dominate this system. There is also signi¯cant evidence that
eumelanin is oligomeric in nature, with oligomers of between 4 and 8 monomer units. These
observations make the amorphous semiconductor model of eumelanin 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 alternative explanation for the
broadband absorption spectrum of eumelanin [35, 53, 73{76]. Since there are several di®erent
eumelanin monomers that may crosslink through various di®erent sites, it is possible that
a sample of eumelanin may consist of a large number of distinct chemical species which we
shall term `oligomers' (without meaning to imply anything about the size of these species)
[62]. Density functional theory calculations suggest that each distinct oligomer may be
expected to have a slightly di®erent HOMO-LUMO energy gap [64, 73, 74, 77{80]. A
disordered collection of oligomers may therefore exhibit broadband absorbance, since the
spectrum will be the sum of many absorbance peaks at slightly di®erent energies [53, 76].
Figure 2.7 demonstrates how only a small number of peaks with typical solvent broadening
are necessary to reproduce the observed broadband spectrum of eumelanin (we plot against
energy since solvent broadening should produce peaks that are gaussian in energy, rather
than wavelength).

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

At this point we wish to note that the term `oligomer' is typically used for small fragments
of polymers. The size that is small enough to be considered an oligomer depends upon the
system under discussion (an oligomer is typically much smaller than the polymer of interest,
and may contain anywhere between two and hundreds of monomerunits). In real eumelanin
systems the size of the oligomer will likely be limited by the solubility of the pigment under
the conditions in which it was formed, and hence it will vary depending upon the source.
Whether eumelanin should be called `polymeric' or `oligomeric' in nature is really a concern
of nomenclature (and comes down to how large an oligomer must be before we de¯ne it as
a polymer). The size of oligomers is not of primary importancefor the chemical disorder
model, it is simply important that there are enough distinct species to produce broadband
absorbance. Hence in the context of melanins, we will take the term `oligomer' to mean
simply a speci¯c eumelanin macromolecule that may contain any number of monomers, even
very large numbers.
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Figure 2.7 : The absorbance spectrum of eumelanin vs energy (extinction coe±cient calculated
per monomer, with monomer molecular weight being the average of that of DHI and DHICA). The
summation of a small number of gaussians (here 15, shown in dotted lines) with typical solvent
broadening produces the broadband absorption spectrum of eumelanin (solid thick line).

2.4.1 Theory supporting the chemical disorder model

There have been several theoretical studies of the viability of the chemical disorder model.
In 2003 Bonchenek et al. calculated the absorption spectra of various eumelanin pentamers
using the semi-empirical INDO (Intermediate Neglect of Di®erential Overlap) approach and
showed that they could reproduce the broadband eumelanin spectrum by summation of
these spectra [81]. Also in 2003, Stark et al. used density functional theory to predict likely
oligomer structures (a variety of dimers, and a typical tetramer, pentamer and hexamer) and
showed that the linear summation of the absorption spectra of these species was broadened
and reproduced features of the experimental spectrum [73, 74]. In 2005 they investigated the
e®ect of aggregation of oligomers (stacking of planar sheets via ¼interactions) and showed
that this may also a®ect the absorption spectra (increasing chemical disorder) [80].

Most recently, a publication by Kaxiras et al. proposed ring structures for tetramers
(¯gure 3.18) and reported absorption spectra for these molecules calculated using density
functional theory [82]. These spectra are shown in ¯gure 2.8, with the superposition included.
Although the individual spectra are clearly peaked, the superposition is broadband and
increases towards higher energies in a manner very similar to the eumelanin spectrum.

The ability of these models to reproduce the broadband spectrum of 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 oligomers is only slightly red-
shifted from that of the DHICA monomer [83]. This suggests that some mechanism 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 spectra of various oligomers. Note
that experimental spectra cannot be easily measured below 250 nm due to the high absorbance
of water at higher energies, possibly explaining why the peak at » 200 nm has not been observed
experimentally. From [82].

than simply polymerisation must be present to produce su±cient diversity in absorption
peaks for broadband melanin absorbance, and in particular, to 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 depicted reduced dihydroxyindole state
(as illustrated in ¯gure 1.2), the oxidised indolequinone and semiquinone states depicted
in ¯gures 2.9 and 2.10 are expected to be present in solution in quantities high enough to
a®ect the absorption spectrum of eumelanin. Density functionaltheory calculations suggest
that these redox states are likely to have very di®erent HOMO-LUMOgap energies, and
therefore signi¯cantly di®erent absorption spectra. Powell et al. predicted the HOMO-
LUMO gap energy of the DHI hydroquinone state to be 344 nm, whereas the indolequinone
is signi¯cantly redshifted to 615 nm, and the semiquinone shows very large redshifting to
1110 nm [78]. Similarly for DHICA, the hydroquinone (state 1 in ¯gure 2.10) was predicted
to have a HOMO-LUMO gap energy of 409 nm, the indolequinone (state 3a in ¯gure 2.10)
was predicted to be redshifted to 634 nm, and the semiquinone (state 3b in ¯gure 2.10)
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Figure 2.9 : The redox states of DHI. From [78].

Figure 2.10 : The equivalent redox states of DHICA. From [77].

shows very large redshifting to 1130 nm. These results suggest thatwhile 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 the important e®ect of increasing
chemical disorder and allowing for a signi¯cantly greater number of distinct absorption peaks
to contribute to broadband absorbance. In particular, the presence of signi¯cant quantities of
indolequinone and semiquinone is likely to be essential for producing the observed absorbance
of melanin in the visible part of the spectrum (due to their signi¯cantly redshifted HOMO-
LUMO gap energies).

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

The chemical disorder model is currently our favoured explanation for the broadband ab-
sorbance of eumelanin since it best explains the observed features. However, de¯nitively
distinguishing between the semiconductor model and the chemical disorder model requires a
better understanding of the structure of melanin. For the semiconductor model to be likely,
eumelanin should consist of either large polymeric species, or berelatively structurally or-
dered (if only small species are present). On the other hand, thechemical disorder model
simply requires that eumelanin is composed of a large number ofchemically distinct species.
The following chapter shall discuss the structural evidence foreach of these models.
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3
The structure of melanin

3.1 Chapter introduction

At the cellular level, melanin is organised into organelles called melanosomes. Eumelanin
melanosomes are ovoid in shape, whereas pheomelanin melanosomes are spherical and more
fragile [85{88]. Melanosomes in negroid subjects are approximately 800 nm in length,
whereas caucasian melanosomes are smaller, at approximately 400 nm in length [4, 89].
Melanin granules from the ink sacs ofSepia o±cinalis (often used as a model for human
eumelanin) are spherical and much more varied in size than thoseextracted from humans
[90, 91] (note that these melanin granules should not be termedmelanosomes in this context
[92]). Natural melanosomes have been shown to contain anywherefrom 17.9% to 73.2%
melanin and 5.4% to 61.4% protein, depending upon the source [93].

The structural arrangement of melanin and protein within melanosomes is very poorly
de¯ned. At the molecular level, eumelanin is known to be a macromolecule of DHI (5,6-
dihydroxyindole) and DHICA (5,6-dihydroxyindole-2-carboxylic acid), with structures as
depicted in ¯gures 1.2 and 3.1. However, the manner in which these monomers covalently
bind to form the melanin pigment is essentially unknown. A knowledge of structure at this
level is essential for accurate quantum chemical modelling ofmelanin, and for evidence of
either the semiconductor or chemical disorder model of melanin (the semiconductor model
requires large heteropolymeric structures, whereas the chemical disorder model simply re-
quires a chemically disordered collection of molecules). Thestructure 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 will attempt, in this chapter, to
summarise the most important ¯ndings.

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

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

mean the manner in which the monomeric units (DHI and DHICA) covalently bind. The
structures of oligomers such as those depicted in ¯gures 3.10, 3.5 and 3.18, or manner of
covalent binding in large polymers are best described as structure at the primary level 1.
Secondary structure, then, is the manner in which these covalently bound units associate
via non-covalent interactions (such as van der Waals forces or hydrogen bonding) to form
larger structures. ¼-stacking of sheets, such as that depicted in ¯gures 3.9 and 3.13 would
fall into the category of secondary structure. These terms havebeen used somewhat loosely
with respect to melanins in the past, but we believe that the de¯nition outlined here is the
most faithful to the meaning of the terms from the original context.

3.2 Covalent binding of monomers

An important ¯rst step towards elucidating the structure of eumelanin is to clearly identify
the most likely binding sites of the monomeric units. From this the mode of polymerisation
of eumelanin can be deduced, and the most likely molecular structures determined. Prota's
group at Naples has been instrumental in making progress towards this goal through a large
body of work (for a review see [96]). Early studies attempted toidentify the most likely
binding sites through degradation of the eumelanin pigment and subsequent analysis of the
oxidised products [97]. More recent studies have focused on oxidative polymerisation of the
eumelanin monomers (DHI and DHICA) under biomimetic conditions and isolation of the in-
termediate oligomers via methods such as HPLC (high performance liquid chromatography)
[98]. This method allowed the successful isolation of the DHI dimers depicted in ¯gure 3.2
[44]. The formation of these particular dimers suggests the prevalent mode of coupling for
DHI is through the 2, 4, and 7 positions (with standard numberingof 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 and 3 positions (binding
through 2 is obviously prohibited due to the carboxylic acid occupying 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 3.4)[99, 100].

The preferential binding of DHI through the 2-position was later con¯rmed via NMR of
13C-labelled synthetic eumelanin [102]. This study also revealed binding of DHI through the
3 position (although to a lesser extent than the 2 position), and showed 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 3.3 : Dimers isolated from oxidised DHICA [98]. The types of dimers formed indicates
which binding sites are favoured for DHICA (4, 7 and 3).

together (2 and 3) are responsible for three-quarters of the proton 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 of apredominance 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 dimers identi¯ed thus
far consist of only one monomer because the polymerisations weredeliberately performed
with only a single species present to produce the simplest possible macromolecular product.
Mixed dimers have also been identi¯ed however, such as one that binds through the 2 and 4
positions [105], and bindings of this nature are thought to becommon in naturally derived
pigment. In particular, DHICA may be structurally important a s an 'end-capping' group
in eumelanin pigment, since the carboxylic acid group blockspolymerisation through the
2 position and makes the DHICA monomer more likely to exist at theends and edges of
structural units.
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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 spectrometry has been successful
at identifying some of the species present in eumelanin samples. Synthetic DHICA eumelanin
and synthetic DHI eumelanin were studied, and were both found tocontain a wide variety
of oligomeric species with mainly low molecular weights (massvalues in the range 500-1500
Da) [106, 107]. No species larger than hexamers were identi¯ed,with the most common
being trimeric and tetrameric. The authors suggest that the size 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 preparationconditions. This suggests that
caution must be taken when comparing melanins prepared underdi®erent conditions and
from di®erent sources.

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

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

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

The most important ¯nding from mass spectrometry of eumelanin isthat the majority
of the literature shows mass units within or below» 600¡ 1200 amu, which corresponds to
oligomers of between 4 and 8 monomer units [107{112]. Large polymeric 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 typesof melanin indicating
that NMR spectroscopy is sensitive to primary structure. Accurate interpretation of these
spectra for speci¯c structures is challenging since they containa very large number of peaks
(which are di±cult to assign), and these peaks are broadened due to chemical heterogeneity
[113, 114]. It has been suggested that high resolution liquid phase spectra would be more
detailed and may yield more structural information than the solid state spectra that have
been reported [115]. Nevertheless, NMR measurements yield important structural clues, such
as the observation by Peter et al. that their sample contained ahigh proportion of catechol
units which has important implications for the redox state ofeumelanin, and therefore its
covalent binding and optical properties [113].

13C and 15N solid state spectra con¯rm the presence of indolic structures in melanin,
as well as pyrrolic species (probably from degraded indoles) [115]. It has also been noted
that synthetic melanins degraded with H2O2 have very similar13C NMR spectra to natural
Sepia eumelanin [114]. This either suggests that the method used to extract protein from
the Sepia eumelanin was too harsh (and eumelanin was degraded in the process), or that
degradation is signi¯cant in the natural system.

Aliphatic carbon residue resonances have been repeatedly reported in eumelanin NMR,
which is somewhat unexpected (the carbons in eumelanin are thought to be predominantly
aromatic in nature) [113, 115{117]. Herve et al. attributed these resonances to residual
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proteinaceous material that was not removed in the extraction procedure since they did
not observe them in their measurements of synthetic eumelanins[117], but Peter et al.
report aliphatic carbon resonances in synthetic eumelanin isolated from dopamine and DOPA
[113]. Golounin proposed instead that the aliphatic units aredue to oxidative degradation
of the aromatic rings, again highlighting the presence of degradation in eumelanin from
both natural and synthetic sources [118]. The aliphatic region of the spectrum is di±cult
to interpret, however, and may perhaps be attributable to both degraded indole units and
residual protein [119].

Several more recent studies focused on natural melanins (Sepia eumelanin or human
hair melanin) and proposed some oligomeric structural models, although the spectra remain
di±cult to interpret unequivocally [119, 120].

3.2.3 Bicoupling and planarity

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

An NMR study of Herve et al. suggested that between 1.6 and 2.7 protons are lost from
carbon atoms per monomer as DHI oxidises to form synthetic eumelanin [116]. This indicates
that each monomer forms between 1.6 and 2.7 covalent bonds with its neighbours (depending
upon the oxidation pathway). A similar measurement for natural pigment shows that they
lose 2.5 protons per monomer. This result does not take into account loss of protons from
hydroxyl groups, so the degree of covalent bonding may in fact be higher. These numbers
suggest that bicoupling and tricoupling should be signi¯cant in eumelanin structures.

Thus the question arises of why no bicoupled dimers have been isolated experimentally.
This has important implications for the secondary structure of eumelanin; as shall be dis-
cussed in the following sections, there is evidence that eumelanin self-assembles into planar
sheets which then aggregate via¼-stacking interactions. This is logical for planar oligomers,
but it is di±cult to see how the aggregation process would occur in this 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 such as scanning tunnelling mi-
croscopy (STM), scanning electron microscopy (SEM) and atomicforce microscopy (AFM)
for the investigation of structure. These methods determine the size and shape of aggregates,
but can only probe surfaces over small areas (not bulk properties). Microscopy techniques
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are ideally suited to investigating the shapes and sizes of wholemelanosomes (hundreds of
nanometers, or micrometres in the case ofSepia eumelanin 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). The di±culty of analysis of
melanins is increased greatly by the fact that the method of preparation is known to a®ect
the structure, giving a variety of particle sizes for di®erent samples [42, 125]. This makes
repeatability a signi¯cant issue.

Several studies report particle sizes forSepia eumelanin. Nofsinger et al. report SEM
images showing asymmetric particles ranging from» 3 to 286 ¹ m in the long dimension,
and other paticles with doughnut shapes. They determined thatthese consisted of smaller
closely packed structures that varied in their lateral dimension from » 45 to 230 nm. The
transmission electron microscope images of Vitkin et al. were in agreement with this (they
reported particle size distributions with a predominant particle 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 particles consisted 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 much larger than the particle sizes
observed in mass spectrometry measurements. AFM measurements similarly demonstrate
the presence of particles that are 15-25 nm in diameter [127].

Clancy and Simon published a more in depth AFM study ofSepia eumelanin deposited
on a mica surface in 2001 [128], which was later also included ina review of the application
of imaging technologies to eumelanin [129]. They showed thatthe most prevalent structure
in Sepia eumelanin is an aggregate comprised of particles with diameters of 100-200 nm, as
shown in ¯gure 3.6. Filament structures were also observed on muchof the surface (seen in
¯gure 3.6, and shown in more detail in ¯gure 3.7). These ¯laments were determined to have
an average height of» 5 nm and widths of tens of nanometers. Clancy and Simon used the
AFM tip to physically deform an aggregate, cutting across its centre 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 thedimensions of the tip [129]
(ie. the 100 nm particles are not the smallest subunit of this system). The authors show
that these observations are consistent with previous experiments via the scheme depicted in
¯gure 3.9. They use the eumelanin `protomolecule' model proposed by Zajac et al. based
upon WAXS measurements (as shall be described later in section 3.4.1) [130]. Flat sheets
(of a size consistent with mass spectroscopy measurements) stack via¼interactions to form
the protomolecule, and they propose these may aggregate edgewise via hydrogen bonding
interactions or stack further to form ¯laments.

Several microscopy studies report the observation of even smaller subunits which are
more comparable to the particle sizes suggested by mass spectroscopy. Zajac et al. used
STM to identify a eumelanin protomolecule of» 20 ºA lateral extent and » 10 ºA height,
in agreement with the stacked oligomer model proposed based on WAXS data (¯gure 3.13)
[130, 131]. Similarly, Gallas et al. used STM and AFM to image particles with average lateral
dimensions of» 23 ºA and heights of» 15 ºA. These are proposed to be direct measurements
of the fundamental unit of melanin, the `protomolecule' [132].
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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 970nm. The micron sized aggregate is
surrounded by smaller eumelanin particles, and ¯laments areevident 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 shape of particles on a
nanometer lengthscale, but is unable to discern features on angstrom lengthscales. Early
SAXS measurements on melanins suggested that aggregates have a radius of gyration be-
tween 15ºA and 50 ºA with shapes ranging from spheres to rods [133]. Later experiments
suggest that eumelanin particles are sheet-like, with a mean thickness of 12.5ºA and a lateral
extent of » 54 ºA [132]. These were shown to aggregate in the presence of copper ions to
form long, rod-like structures with a radius of 32ºA which may aggregate further in higher
concentrations of copper ions into sheets with a mean thickness of 51ºA. This study also re-
ported small angle neutron scattering (SANS) measurements on non-deuterated eumelanin
in H2O and D2O; 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 structure factor of melanin;
this peak corresponds to a preferred spacing of 13 - 20ºA [134{136]. This length scale
corresponds to the initial particle size of a colloidal eumelanin solution determined in another
study [137], and hence was assumed to be the preferred aggregatesize. It was noted that the
prepeak height was dependant upon sample hydration (it decreased with drying), although
the reason for this was unclear.

3.3.4 Summary

Based on the above evidence, we believe that, in a manner typical of polymers, the preferred
aggregate size of eumelanin is likely to be determined by the solubility of the eumelanin in
the particular solvent when it was forming, and hence this preferred aggregate size is likely
to vary widely from sample to sample.
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Figure 3.7 : Tapping mode AFM images of eumelanin ¯laments dried on mica (left: height,
right: phase). The scale bar is 125nm. Lower graph shows a cross section of the ¯laments in a
plane taken along the black line in the height image. These data show that the ¯laments are » 3¡ 6
nm in height and » 15¡ 50 nm in diameter (from [128]).

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 alongthe 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 compared 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 based 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
¼-stacking and side-on interactions. The formation of ¯laments is demonstrated (from [128]).

3.4 Evidence for ¼-stacking in melanins

3.4.1 Wide angle X-ray scattering (WAXS)

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

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

These WAXS results were con¯rmed and re¯ned by measurements of Rayleigh scattering
of Mossbauer radiation, a technique which allows separation ofscattering contributions due
to polymer structure and those due to bound water molecules (coordinated water contributes
mostly to inelastic scattering, which is signi¯cant for eumelanin samples) [143]. The higher
level of accuracy available with this technique gave con¯rmation of previously dismissed
WAXS peaks and identi¯ed several that had not been previously observed, giving a more
accurate de¯nition of the details of eumelanin structure factor curves to match with later
computational models.



3.4 Evidence for ¼-stacking in melanins 33

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 byCheng et al.
published in 1994 [136, 144, 145]. This work remains the state of the art, and it is unlikely
that more structural information can be gleaned from WAXS measurements of eumelanin
unless serious further advances are made in this technique. Cheng et al. report the ¯rst truly
quantitative measurement of eumelanin WAXS (earlier studies were limited by Compton
scattering and the energy of the X-ray radiation). To achieve this 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 highq region because eumelanin consists of light
elements), and secondly for coherent multiple scattering (melanin has a low X-ray absorption
coe±cient meaning that coherent multiple scattering accounts for up to 4% of the measured
signal). The authors caution that due to the application of these large corrections the ¯ner
details of the structure factor should not be relied upon absolutely.

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

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

Structure factors [S(q)] and corresponding radial distribution factors [RDF(r)] calculated
by Cheng et al. for two structures are shown in ¯gures 3.11 and 3.12, with comparison
to the experimental spectrum measured for tyrosine eumelanin.Figure 3.11 shows the ¯t
with a theoretical structure of simply a single DHI monomer. Note that this structure
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reproduces nearly all of the observed peaks, suggesting that WAXS is highly sensitive to
the arrangement of atoms within the monomer unit, but less so toprimary and secondary
structure. This structure notably does not reproduce the ¯rst sharp di®raction peak; this
peak does not appear in the structure factor until stacking of layers is included in the model
(further evidence of¼-stacking in eumelanin). This was done to produce ¯gure 3.12. This
shows the best ¯t that was obtained by Cheng et al., for a structureconsisting of the Plane
III(a) structure stacked four layers high with a gaussian distribution of spacing between
layers centered around the average value of 3.45ºA, as illustrated in ¯gure 3.13.

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

3.4.2 E®ects of mild bleaching

Gallas et al. used scanning tunneling microscopy (STM) and tapping mode atomic force
microscopy (TM-AFM) techniques to study the e®ects of mild bleaching on powdered eume-
lanin pigment deposited on various surfaces [147]. They discovered that bleaching had little
e®ect on the lateral dimensions of the observed structures (» 23 ºA), whereas the height
of the structures decreased signi¯cantly with bleaching (from» 15 ºA to » 5 ºA observed
with STM and from » 14 ºA to » 6 ºA with AFM). They interpret this observation as the
destacking of oligomer sheets with bleaching. Bleaching is expected to oxidise the oligomers,
making them electron de¯cient and therefore not readily ableto form ¼stacked sheets [147].

SAXS analysis of the e®ects of mild bleaching are consistent with these results [148].
Littrell et al. determined that before bleaching eumelaninparticles are sheet-like with a
thickness of» 11 ºA, and that the radius of gyration of the particles decreases from 16.5 to
12.5ºA with increased bleaching. They summarise their ¯ndings in the structural scheme illus-
trated in ¯gure 3.14. The oligomers shown are covalently bonded planar sheets of monomers;
these oligomers stack to form protomolecules with a spacing between layers of 3.4ºA. These
protomolecules then aggregate edgewise during synthesis due to hydrogen bonding. During
the bleaching process the authors propose that these hydrogen bonds are disrupted causing
deaggregation and delamination. It should be empahsised that the details of this scheme are
based on experimental evidence from other sources, and could not be determined from the
SAXS measurements reported in this study alone.

These observations are consistent with¼-stacking in eumelanins, but do not prove it
unequivocally.

3.4.3 Melanin thin ¯lms

AFM analysis of eumelanin thin ¯lms prepared using an organic solvent-based synthesis
shows that the ¯lms consist of relatively planar eumelanin structures [149]. These structures
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generate surface steps with heights in the range 2-3 nm, and do not tend to form larger
aggregates. This step height is two to three times larger than the proposed protomolecule
height, possibly suggesting that this method of producing ¯lms ofeumelanin leads to di®erent
surface structures than those observed in bulk eumelanin powders. However, these results
do con¯rm the tendancy of eumelanin to form planar structures which would allow for ¼-
stacking.

3.4.4 Transmission electron microscopy (TEM)

Very recent high resolution TEM images of synthetic dopa-derived eumelanin from our group
con¯rm the prevalence of¼-stacking in eumelanin2. Images revealed spherical particles of
approximately 5.8 nm diameter which were formed from layersin a nano-aggregate onion-
like manner, as shown in ¯gure 3.15. The spacing between layers is measured to be» 3:8 ºA,
consistent with ¼-stacking distances in other indolic and porphyrin systems [151{153], and
consistent with the earlier WAXS measurements of eumelanin [136].

¼-stacking was also con¯rmed for natural eumelanin extracted from bovine epithelium3,
as shown in ¯gure 3.16. This natural sample does not appear to have formed the nano-
aggreate structures of the synthetic sample, but rather long continuous sheets. The stacking
distance for the bovine eumelanin is also determined to be 3.8ºA, identical to the synthetic
system. The 5.8 nm diameter particles are not evident in this sample, and interestingly,
particles of the dimensions of the proposed eumelanin protomolecule are also not evident. It
is possible that the image consists of protomolecules bonded edgewise to form long continuous
sheets. Larger polymeric structures cannot be ruled out based upon these images, but
seem unlikely based upon mass spectrometry results which suggest a predominance of low
molecular weight species in these systems.

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

2Synthetic eumelanin was prepared and puri¯ed using the standard procedure outlined in reference [150]
the result of which was a black powder with a solution a broad band monotonic spectrum characteristic
of all melanins. The powder was ultra-sonicated in dichloroethane to create a dispersion, 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 discarded the RPE cells
were gently brushed o® Bruch's membrane. When freed, the cells were washed out of the eye cup with
Dulbecco's phosphate-bu®ered saline without calcium and magnesium (PBSA). The cells were disrupted by
mechanical homogenisation. Cellular debris was removed by centrifugation at 60g for 7 min. The resultant
low speed supernatant was centrifuged at 6000 g for 10 min to sediment the pigment granules. This sediment
was re-suspended in 0.3 M sucrose and layered onto a discontinuous sucrose gradientand centrifuged on a
MSE super speed centrifuge at 103,000 g for 1 hr. The melanosomes formed the pellet and were isolated
and further puri¯ed by running a second identical gradient and the pellet obtained was washed four times
with PBSA in order to remove the sucrose. The melanosomes obtained in this fashion were treated with
hydrochloric acid to remove the protein and membrane components. The resultantmelanin was washed
with, and then re-suspended in PBSA.
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ammonia and water are then removed under a partial vacuum to leave a solution contain-
ing the eumelanin in either DMF or DMSO. This is somewhat novelas simply sonicating
eumelanin powder in either of these solvents doesn't give a solution but merely creates a
suspension which settles over time. A typical TEM image for this solubilised eumelanin
is shown in ¯gure 3.17. To acquire this image the eumelanin was prepared as described
previously and then precipitated by the addition of toluene.It can be clearly seen that the
stacking of layers is no longer evident, indicating that dissolving the eumelanin in DMF has
removed the stacking in the system. We believe, therefore, thatthe ¼-stacking of eumelanin
is what causes its low solubility in most solvents.

Most signi¯cantly, these TEM images clearly demonstrate that¼-stacking 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 are dealing with a highly
heterogenous system (as evidenced by the majority of experimental data). This means
that no one correct structure exists in the way that it does for speci¯c proteins and DNA
molecules, and we can deal only in statistical averages, probably best approached by using
nomenclature borrowed from the science of disordered polymers. Also, we must remember
that synthetic eumelanins are ultimately likely to be di®erent from those in nature, and
once we have a better grasp of the structure of the model synthetic eumelanins we must
study separately the more complex natural system. Care must be taken in how the natural
eumelanin is extracted, since harsh extraction techniques are known to damage the eumelanin
[90].

The structure of the eumelanin is also likely to be strongly dependant on the source.
Given the di®erences between their monomers, eumelanin will almost certainly have a dif-
ferent structure to pheomelanin. The ratio of DHI to DHICA in eumelanin is also known
to vary widely between sources, and this will undoubtedly havea strong impact upon the
primary and secondary structure. Enzymatically prepared eumelanin has been shown to
contain » 10% DHICA, whereas natural eumelanins can contain up to 75% [40, 41].

3.5.2 Melanosomal proteins

Models of natural eumelanins must incorporate the extensive amount of protein that is
known to be found in natural melanosomes. In 2003 Basrur et al. identi¯ed 56 proteins
in melanosomes that are shared with other organelles and an additional 12 proteins that
are speci¯c to melanosomes [13]. The presence of melanosome-speci¯c proteins strongly
suggests that the protein in melanosomes is signi¯cant for the biological functioning of eu-
melanin. Light scattering studies also suggest that the enzyme tyrosinase (known to catal-
yse eumelanin synthesis) plays a crucial and complex role in creating the ¯nal structure of
melanosomes [155]. The in°uence of these factors upon the structure 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% by weight of Fe(III) (one
Fe(III) for every three to four monomeric units) without any change in morphology [156].
Additionally, a substantial amount of the metals naturally bound to eumelanin in whole
melanosomes can be extracted without morphology change (more than 90% of the eumelanin
is treated by suspension in water and use of a chelator such as EDTA).Both of these
observations strongly suggest that the structural organisation of melanosomes allows e±cient
transport of metals throughout the particle [94]. Detailed structural models consistent with
this are yet to be formulated, although it has been suggested that melanosomes may feature
channels to allow the passage of metal ions [156]. Brunauer-Emmett-Teller surface area
analysis and Barrett-Joyner-Halenda pore volume analysis indicate that the surface of the
150 nm granules observed by SEM imaging is not smooth, and that the interior of the
granules is not porous, but rather that the aggregates of the granules (multi-¹ m sized) are
porous [125].

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

3.5.4 Treatment with detergent

It was shown in 1973 that detergents cause dissolution of melanosomes [157]. This shows
that there is signi¯cant non-convalent bonding in eumelanins,with dominant forces possibly
being hydrophobic interactions. This ¯nding is consistent witha general¼-stacking model
for eumelanins [94].

3.5.5 Hydration

Hydration is believed to be very important in dictating the physical and structural properties
of eumelanin [41]. Some of the water contained in eumelanin is strongly bound, and removal
of this water has been shown to result in increased susceptibilityto autoxidation [158]. This
suggests that bound water is structurally important in eumelanin. Optical scattering studies
suggest that the amount of water found in eumelanin particles is dependant upon the pH
at which aggregation occurs; an alkaline pH produces soft eumelanin polymers that contain
a large quantity of water organised into internal cages that is di±cult to extract, whereas
an acidic pH produces denser granules hydrated mostly at the surface from which water
can be easily desorbed [155]. The structure of eumelanin thin ¯lms also depends upon the
solvent used for the deposition process, suggesting that water plays a fundamental role in
determining the structure of eumelanin [149].
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3.5.6 Fractal structure

Static and dynamic light scattering of the dynamics of aggregation of synthetic eumelanin
reveals fractal structures in the precipitates [159]. The authors of this study identi¯ed two
regimes of aggregation kinetics, one exhibiting di®usion limited aggregation (DLA, fractal
dimension df = 1:8), the other reaction limited aggregation (RLA, df = 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 of average molecular weight» 106

and a radius of gyrationRg » 90 nm, with spherical symmetry that did not have a high
water content [155]. A more recent study used nitrogen adsorption isotherms to con¯rm
again the fractal structure of eumelanin particles, and also showed that the surface structure
of eumelanin is likely to be signi¯cant for the biological activity of eumelanin (porosity
characteristics and surface area values suggest a strong involvement of adsorption processes)
[160]. SAXS measurements also con¯rm the fractally rough nature of the surface of eumelanin
particles [144].

3.6 Chapter conclusions

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

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

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

² Melanin is often observed to consist of particles with a lateraldimension of» 20 ºA
and a height of » 10 ºA. However, larger particles are also frequently observed, and
smaller particles are likely to be di±cult to detect via many methods. We believe that
the observed particle size is strongly dependant upon the solvent and environmental
conditions under which the pigment was formed.

² Recent TEM images unequivocally show¼-stacking is a predominant structural feature
of both synthetic and natural eumelanin in a manner similar to amorphous graphite.

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

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

4Note that DHI and DHICA are thought to intimately copolymerise in the na tural pigment, as outlined
in section 3.2
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is assumed to dominate. We propose that the nomenclature that has been developed to
describe disordered polymer systems could be e®ectively appliedto describing the structure
of eumelanin in a more accurate way. Polymer science may also provide insight into e®ective
modelling techniques that incorporate this disorder more e®ectively.

Large polymer structures have not been directly observed in any structural measure-
ments, and although many of the results could be consistent with polymer structures, it
seems unlikely. Mass spectroscopy measurements, in particular, suggest that small oligomer
structures dominate. Disorder is also shown to dominate in this system. We therefore believe,
based upon this structural evidence, that the amorphous semiconductor model explanation
for the broadband absorbance of eumelanin is unfounded, and the chemical 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 measurement for tyrosine eumelanin.
The structure of the monomer alone clearly reproduces most of the 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 spacing 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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Figure 3.13 : The oligomeric molecular model of eumelanin proposed by Zajac et al. consisting
of three stacked oligomeric sheets. The overall dimensionsare » 20 ºA in lateral extent and » 7:6
ºA in height. This has been termed the eumelanin `protomolecule' (from [130]).

Figure 3.14 : Structural scheme proposed by Littrell et al. indicating changes in eumelanin with
bleaching. Based on evidence from other experiments they show oligomers as covalently bonded
sheets which stack to form protomolecules. They propose that these protomolecules hydrogen
bond edgewise into aggregates during synthesis. Hydrogen peroxide disrupts these hydrogen bonds
leading to deaggregation and delamination during bleaching (from [148]).
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Figure 3.15 : A high resolution phase contrast TEM image of synthetic dopa-derived eumelanin
clearly demonstrating ¼-stacking of layers within onion structures. This image was obtained on
material overhanging the lacy grid to remove the amorphous carbon background and increase the
sample contrast.

Figure 3.16 : TEM image of bovine epithelium eumelanin clearly demonstrating ¼-stacking of
layers. The lateral extent of the layers is much larger than that 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 solubilised. The stacking of
layers is no longer evident, suggesting that the lack of solubility of eumelanin is due to ¼-stacking.

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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Quantitative scattering of eumelanin solutions

4.1 Chapter abstract

We have accurately measured the optical scattering coe±cient of a dilute, well solubilised
eumelanin solution as a function of incident wavelength, andfound to contribute less than
6% of the total optical attenuation between 210 and 325nm. Atlonger wavelengths (325nm
to 800nm) the scattering was less than the minimum sensitivity ofour instrument. This
indicates that UV and visible optical density spectra can be interpreted as true absorption
with a high degree of con¯dence. The scattering coe±cient vs wavelength was found to be
consistent with Rayleigh Theory for a particle radius of 38§ 1nm.

4.2 Chapter introduction

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

The importance of optical scattering was noted by Nofsinger andSimon when they dis-
covered that the shape of the eumelanin absorption spectrum is strongly dependant upon the
particle size [17, 161]. Since scattering intensity is very strongly dependant upon particle size
this could indicate that the optical density of eumelanin is dominated by scattering. To test
this, they conducted photoacoustic measurments which suggestedthat the measured optical
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density was not dominated by scattering for wavelengths longer than 400nm for any particle
size fraction [17]. An earlier photoacoustic calorimetry measurement by Forest and Simon
similarly suggested that scattering contributes no more than 15% of the total light extinction
at 350nm [162]. Hence Nofsinger and Simon concluded that the observed dependance upon
particle size was due to electronic and physical properties ofthe eumelanin.

Recently, a number of optical emission and excitation studies have been published, which
report accurate quantitative measurement of key propertiessuch as the radiative quantum
yield as a function of wavelength [47{49, 163, 164]. Such studies provide valuable insight
into energy absorption and dissipation mechanisms, as well as shedding light on the struc-
tural question. These measurements require the assumption that scattering is negligible. If
this is not the case, the scattering coe±cient should be measured and subtracted from the
optical density to obtain the true absorption. This was attempted by Krysciak, who directly
measured the optical scattering from a dilute eumelanin solution as a function of wavelength
[165]. He found scattering to be negligible between 500 and 700nm, but also discovered
the puzzling result of `negative scattering' at shorter wavelengths. He suggested that this
was due to multiple scattering events and absorption (which becomes very large at shorter
wavelengths) decreasing the measured scattering below the previously measured baseline.
Krysciak's results were non-conclusive, neither con¯rming norexcluding the prescence of
scattering at optical wavelengths.

The following year, Kurtz reported on a theoretical prediction of the relative contributions
of scattering and absorption to the optical density of eumelanin [166]. He used the real and
imaginary parts of the refractive index of melanin measured in a previous study to determine
the extinction, scattering and absorption cross sections over the visible spectrum. Kurtz
found that in the Rayleigh regime (particle radii much less than the wavelength) absorption
dominated over scattering, whereas for larger particles thetwo contributed equally. He
emphasised the very strong dependance of scattering on particlesize. The importance of this
is experimentally apparent in a 2001 study by Sardar et al. where scattering and absorption
coe±cients were measured at four optical wavelengths between633nm and 476nm [167].
They found that scattering far outweighed absorption at all wavelengths, contributing more
than 99% of the optical density at 633nm. This result contradicts all previous studies, and
is almost certainly due to the sample preparation, which resulted in what was described
as `a brown turbid suspension'. The authors state that the eumelanin particles were not
solubilised and remained a particulate suspension. Under these conditions, the particle sizes
would most likely be much larger than those in the well solubilised, dilute solutions typically
used for spectroscopic studies [17, 47, 48, 161, 163, 164].

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

A careful study by Vitkin et al. in 1994 gives the most quantitative estimate available of
the scattering coe±cient of a eumelanin solution [124]. Vitkin et al. conducted photometric
measurements with a double integrating sphere system at 580nm and 633nm. They found
that scattering contributed 12% and 13:5% of the total attenuation coe±cient at each wave-
length respectively. These values, while small, are enough to introduce signi¯cant error in
the measurement of the radiative quantum yield and other optical parameters, and should
ideally be corrected for. A measurement of the scattering coe±cient as a function of wave-
length would allow the subtraction of scattering e®ects from the optical density spectrum to
achieve this.

If the scattering coe±cient as a function of wavelength were known, the shape of the
scattering spectrum could be compared with Rayleigh Theory. Asdiscussed in chapter 3,
there remains debate as to the primary and secondary structureof eumelanin: large het-
eropolymer, or oligomer [77, 78]. This is a most fundamental question, since it in°uences the
interpretation of many other experiments. Since Rayleigh scattering is strongly dependant
upon particle size, these scattering measurements can also be usedto determine a fundamen-
tal particle size of eumelanin in solution. Hence we have conducted an integrated scattering
measurement as a function of wavelength over the ultravioletrange, where scattering e®ects
should be most signi¯cant.

In addition, the solutions used by Vitkin et al. (0:07% to 0:12% eumelanin by weight)
were more concentrated than those best suited to °uorescence measurements. The broadband
absorption spectrum of eumelanin gives rise to signi¯cant reabsorption and inner ¯lter e®ects
at concentrations above 0:0025% by weight [47, 163]. Although scattering should scale
linearly with concentration it is feasible that there is less aggregation at lower concentrations,
giving rise to less scattering. Hence we have made a direct measurement of the scattering
coe±cient at the ideal spectroscopic concentration.

In this chapter we:

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

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

3. Show that the measured scattering is consistent with Rayleightheory, 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 Chemical Co. (lot 60K1383, pre-
pared by oxidation of tyrosine with hydrogen peroxide) and used without further puri¯cation



48 Quantitative scattering of eumelanin solutions

1. The powder was solubilized to form a 0:1% solution (by weight) in high purity 18:2M ­
MilliQ de-ionised water adjusted to pH 11.5 with NaOH (since thisis the minimum pH at
which eumelanin is reliably soluble). The stock solution was gently heated and sonicated for
15 mins to ensure complete solubility.

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

4.3.2 Absorption spectrometry

An absorption spectrum between 200nm and 800nm was recorded forthe synthetic eumelanin
solution using a Perkin Elmer Lambda 40 spectrophotometer. An integration of 2nm, scan
speed of 240nm/min and slit width of 3nm bandpass were used. The spectrum was collected
using a quartz 1cm square cuvette. Solvent scans (obtained under identical conditions) were
used for background correction.

4.3.3 Integrated scattering

Scattering measurements were made using a Perkin Elmer Lambda40 spectrophotometer
with an integrating sphere attachment (Labsphere RSA-PE-20 Re°ectance spectroscopy ac-
cessory). The solution was contained within a 1mm path length quartz cuvette that was
placed at the front and back of the sphere as shown in ¯gure 4.1 b) and c) to measure the
forwards and backwards integrated scattering respectively.Scattering anisotropy was not
of concern for this study, since we are interested only in the total scattering signal. Mea-
surements were taken with a scan speed of 120nm/min, a slit width of 4nm bandpass and
2nm smoothing. Since the scattering intensity was very low eachscan was taken ¯ve times
and averaged. The 100% re°ectance intensity was determined using a labsphere certi¯ed
re°ectance standard, as shown in ¯gure 4.1 a). The solvent alone was measured in both the
front and back positions (¯gure 4.1 b) and c)) and subtracted after absorption correction
(described in the following section). Some light was inevitably lost due to the non-zero size
of the beam entry and exit holes in the sphere, and due to the width of 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 short path length cuvette
(1mm) was used to minimise this loss.

4.4 Theory

Eumelanin solutions have strong, broadband absorbance, and all optical spectroscopic re-
sults are therefore a®ected by re-absorption (attenuation of °uorescence) and inner ¯lter

1Please note that synthetic eumelanin is not necessarily identical to naturally occurring eumelanin, and
comparison of results between the two systems should be made with caution, as discussed 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®ects2. Although a narrow cuvette and dilute concen-
tration were used to minimise these e®ects, it was necessary to perform a careful analysis to
account for attenuation of the measured scattering by absorption. We derive here a general
method for correcting for absorption e®ects in scattering measurements that can be applied
to any strongly absorbing solution.

We de¯ne ®sf to be the forward scattering coe±cient,®sb to be the backward scattering
coe±cient, and ®s to be the total scattering coe±cient, such that ®sf + ®sb = ®s. The
absorption coe±cient is given by®a and the total attentuation coe±cient is given by®t . We
assume that®t = ®a + ®s (any attenuation not due to scattering is included in the absorption
coe±cient). 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 absorption) is proportional to each

2For a full discussion of these e®ects and the most basic form of the correction method please refer to
chapter 6
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®dx, and to the intensity of the beam in that region (I (x)). Therefore

dI (x) = dI sf + dI sb + dIa

= ¡ ®sf I (x)dx ¡ ®sbI (x)dx ¡ ®aI (x)dx

= ¡ (®sf + ®sb + ®a)I (x)dx

= ¡ ®t I (x)dx

Integration then gives
I (x) = I 0e¡ ®t x (4.1)

which is the familiar Beer-Lambert Law, whereI 0 is the intensity of light incident upon the
cuvette. We want to ¯nd an expression for the total intensity of light scattered forward,I sf .
This will be given by the sum of the light scattered forward fromeach part of the cuvette,
from x = 0 to x = d,

I sf = ¡
Z d

0
dI sf

The negative here comes from the fact that we are summing the parts lost from the incident
beam due to forward scattering to ¯nd the total amount that is scattered forwards. Using
the de¯nition of the forward scattering coe±cient (®sf ) discussed above this is given by

I sf =
Z d

0
®sf I (x)dx

Using equation 4.1,

I sf =
Z d

0
®sf

£
I 0e¡ ®t x

¤
dx

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

I sf =
®sf

®t
I 0

¡
1 ¡ e¡ ®t d

¢
(4.2)

Similarly, the intensity of light scattered backwards (I sb) is given by:

I sb =
®sb

®t
I 0

¡
1 ¡ e¡ ®t d

¢
(4.3)

4.4.1 Correction for absorption

We make the geometric approximation that the light scatteredin the forward direction will
travel a path length of d ¡ x to leave the cuvette (refer to ¯gure 4.2). As the scattered light
travels this distance through the eumelanin solution it will be attenuated by absorption. We
assume that attenuation is only due to absorption here, and not scattering, since multiple
scattering is known to be negligible for eumelanin solutions at this concentration3. Let the

3Multiple scattering is negligible if the total attenuation coe±cient is linear i n concentration [169, 170].
This has been shown to be the case for eumelanin solutions at the concentrations used in this study, as
reported in chapter 6. Note that this is equivalent to saying that the inverse of the scattering coe±cient (the
average distance between two successive scattering events) is su±ciently larger than the cuvette dimension.



4.4 Theory 51

I0
I(x)

dIsb dIsf

dx
x

d

IefIeb

Cuvette wall

Melanin 
solution

Figure 4.2 : Cuvette geometry (rectangular cuvette viewed from above)

¯nal intensity emitted forwards from the cuvette (attenuated by absorption) be given byI ef .
Using the Beer-Lambert Law (equation 4.1),

dIef = dI sf e¡ ®a (d¡ x) (4.4)

Therefore the total intensity of scattered light emitted forwards is given by

I ef = ¡
Z d

0
dIef

Substituting equation 4.4 gives

I ef = ¡
Z d

0
e¡ ®a (d¡ x)dI sf

By the de¯nition of ®sf we ¯nd

I ef =
Z d

0
e¡ ®a (d¡ x) (®sf I (x)dx)

Substituting equation 4.1 then gives

I ef =
Z d

0
e¡ ®a (d¡ x)

¡
®sf I 0e¡ ®t xdx

¢

Integration then yields an expression for the total amount of light emitted from the cuvette
due to forward scattering (a®ected by absorption):

I ef =
®sf

®t ¡ ®a
e¡ ®a d

£
1 ¡ e¡ (®t ¡ ®a )d

¤
I 0 (4.5)

Similarly, the ¯nal backwards scattered intensity emitted from the cuvette (I eb) will be
given by:

I eb =
®sb

®t + ®a

£
1 ¡ e¡ (®t + ®a )d

¤
(4.6)
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where the absorption for back scattering occurs over a distancex (rather than d ¡ x) as
shown in ¯gure 4.2.

To determine the amount of light that was originally scattered (I sf ) from the attenuated
intensity that we measure (I ef ) we combine equations 4.2 and 4.5 to eliminateI 0

I sf =
®t ¡ ®a

®t

µ
1 ¡ e¡ ®t d

e¡ ®a d ¡ e¡ ®t d

¶
I ef ¡ B f (4.7)

where we must subtract o® the background signal (B f ) which is measured from a blank
cuvette (containing solvent only) to remove scattering from the solvent and cuvette walls.
This process can be repeated in a very similar manner for the backwards scattering to ¯nd

I sb =
®t + ®a

®t

µ
1 ¡ e¡ ®t d

1 ¡ e¡ (®t + ®a )d

¶
I eb ¡ Bb (4.8)

whereBb is the background scattering in the backwards direction.
We have made several assumptions in the above derivations, whichwe will now sum-

marise. First, it is assumed that the incident beam is scattered ata small enough angle
(either forwards or backwards) that we can make geometric approximations of the path
length, as described earlier. This is justi¯ed by thecos2(µ) angular dependence of Rayleigh
scattering, which therefore requires that the scattering particles are small enough to be
within the Rayleigh regime (particle diameter much less thanthe incident wavelength). We
also assume that we can de¯ne a scattering coe±cient as an intensive property of a melanin
solution (scattering per unit length). This is true only if multiple scattering is insigni¯cant,
which is true for su±ciently dilute solutions (as is the case here). Absorption of the scat-
tered light, detection e±ciency and background noise are all accounted for in the method
outlined below. Thus, this method can be applied to any sample of small scattering particles
(diameter much smaller than the wavelength of the incident light) su±ciently 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 intensity 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 placeof the beamdump (refer to
¯gure 4.1).

S =
I recorded

I max
£ 100

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

S =
I scatt

I 0
£ 100 (4.9)

where I scatt is scattering in either the forwards or backwards direction.Thus S is the per-
centage of incident light scattered by the sample. However, thedetected values are a®ected
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by absorption. Let Smf be the scattering signal actually measured (a®ected by absorption),

Smf =
I ef

I 0
£ 100

SinceS is linear in I we can apply the recorrection given in equation 4.7 to obtainSf , the
true percentage ofI 0 that is scattered forwards

Sf =
®t ¡ ®a

®t

µ
1 ¡ e¡ ®t d

e¡ ®a d ¡ e¡ ®t d

¶
Smf ¡ SBGf (4.10)

whereSBGf is the background scattering signal measured in the forwards directions. Simi-
larly for scattering backwards

Sb =
®t + ®a

®t

µ
1 ¡ e¡ ®t d

1 ¡ e¡ (®t + ®a )d

¶
Smb ¡ SBGb (4.11)

where Sb is the percentage of incident light scattered backwards,Smb is this percentage
attenuated by absorption, andSBGb is the percentage scattered backwards in the background
measurement. The total scattering,S = Sf + Sb is then given by

S =
®t ¡ ®a

®t

µ
1 ¡ e¡ ®t d

e¡ ®a d ¡ e¡ ®t d

¶
Smf ¡ SBGf +

®t + ®a

®t

µ
1 ¡ e¡ ®t d

1 ¡ e¡ (®t + ®a )d

¶
Smb ¡ SBGb (4.12)

4.4.3 Determining the scattering coe±cient

Finally, we must relate these to the total scattering coe±cient,®s. From equation 4.9 we see

Sf =
I sf

I 0
£ 100

Combining this with equation 4.2 we ¯nd

Sf

100
=

®sf

®t

¡
1 ¡ e¡ ®t d

¢

Similarly for backwards scattering,

Sb

100
=

®sb

®t

¡
1 ¡ e¡ ®t d

¢

so that the total scattering, S = Sf + Sb is then given by

S
100

=
®s

®t

¡
1 ¡ e¡ ®t d

¢
(4.13)

Combining equations 4.12 and 4.13 to eliminateS we ¯nd

®t ¡ ®a

®t

µ
1 ¡ e¡ ®t d

e¡ ®a d ¡ e¡ ®t d

¶
Smf

100
¡

SBGf

100
+

®t + ®a

®t

µ
1 ¡ e¡ ®t d

1 ¡ e¡ (®t + ®a )d

¶
Smb

100
¡

SBGb

100

=
®s

®t

¡
1 ¡ e¡ ®t d

¢
(4.14)

Since®a = ®t ¡ ®s this equation has only one unknown (®s) and can be solved (Smf , Smb,
SBGf , SBGb , ®t and d are all measurable). This must be done numerically, since®s appears
non-trivially on both sides.
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Figure 4.3 : Total attenuation and scattering coe±cients for a 0:0025% (by weight) solution of
synthetic eumelanin.

4.5 Results and discussion

Figure 4.3 shows the absorption coe±cient for a 0:0025% (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 absorption spectra of eumelanins
[17, 47, 54, 161, 165, 171{173]. The measured scattering coe±cient for the same solution
is also shown, as a function of wavelength between 210 nm and 325nm (calculated using
equation 4.14). For wavelengths longer than 325 nm the scattering coe±cient was less than
the minimum sensitivity of the instrument. We expect that scattering will decrease at longer
wavelengths; Rayleigh scattering, for particles with radii smaller than » 50 nm has a¸ ¡ 4

dependence, and Mie scattering, for larger particles (comparable to the wavelength of the
light), is less strongly dependant upon wavelength. It is therefore reasonable to assume that
the scattering coe±cient is less than the measured values over the whole visible range.

The percentage of the total attenuation due to scattering (®s=®t £ 100) was calculated
as a function of wavelength, and is plotted in ¯gure 4.4. It canbe shown that the ratio of
the coe±cients is equivalent to the ratio of the intensities

®s

®t
=

I s

I s + I a
(4.15)

whereI a is the intensity of light lost due to absorption andI s is the intensity of light lost due
to scattering. Hence this quantity gives the percentage of thelost intensity that is due to
scattering. It can be seen from ¯gure 4.4 that scattering contributes less than 6% of the total
loss at all wavelengths within the measured range. This means that measured absorption
spectra (total loss spectra) of eumelanin can be assumed to be primarily due to actual
absorption, and used for interpretation of spectroscopic data without further manipulation.
This allows accurate determination of important quantities such as the radiative quantum
yield of eumelanin [47]. This percentage is less than that measured by Vitkin et al. (12%
at 580nm and 13:5% at 633nm) and possibly indicates less aggregation in our moredilute
solutions [124].
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Figure 4.4 : The scattering coe±cient (as plotted in ¯gure 4.3) as a percentage of the total
attenuation coe±cient 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 coe±cient

The scattering coe±cient appears to exhibit a strong dependancy upon the wavelength (¯gure
4.5) which is suggestive of Rayleigh scattering, rather than Mie scattering (Mie scattering
intensity exhibits only a weak dependence on wavelength for particle sizes comparable to
the wavelength of the light). Let us therefore determine whether the measured scattering
coe±cient is consistent with Rayleigh scattering alone (no Mie scattering). As shown by
Jackson [174], in the Rayligh limit (particles much smaller than the wavelength of the incident
light), the scattering coe±cient (®s) for dielectric spheres of radiusa with dielectric constant
² in a vacuum is given by

®s =
128¼5

3
Na6

¸ 4

¯
¯
¯
¯
² ¡ 1
² + 2

¯
¯
¯
¯

2

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 in asolvent of dielectric constant
²s to show that the scattering coe±cient is then given by

®s =
128¼5

3
Na6

¸ 4

¯
¯
¯
¯

² ¡ ²s

² + 2²s

¯
¯
¯
¯

2

(4.16)

Hence, knowing the way that the scattering coe±cient depends upon the wavelength, we can
estimate the size of the particles giving rise to scattering. Unfortunately, it is nontrivial to
apply this to eumelanin, since the structure of the fundamental particles is unknown. This
makes determining the number of particles per unit volume challenging. Nevertheless, we
can make some assumptions about the structure to determine an estimate of the particle
size.

In the absence of a better structural model, it is a fair assumption that eumelanin
monomers form globular particles (approximately spherical). The volume of each parti-
cle will be equal to the number of monomers per particle (np) multiplied by the `volume of
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Figure 4.5 : The eumelanin scattering coe±cient, with the predicted Rayleigh scattering co-
e±cient (from Eq. (4.17)). The best ¯t (plotted above) was obta ined with a particle radius of
38nm.

a single monomer' (Vm ) which can be estimated to be 1:2 £ 10¡ 28m3 [128, 136, 145]. Hence

np =
4
3

¼a3
1

Vm

The molecular weight of a dihydroxyindole monomer is 149g/mol. The molecular weight of
an aggregate will therefore be 149npg/mol. Let C be the concentration of our solution in
weight percent, such thatC = 2:5£ 10¡ 5 for a solution that is 0:0025% eumelanin by weight.
Taking the density of the solvent (water) to be 1g=cm3, 1cm3 of solution will contain C grams
of eumelanin, orC=(149np) moles of eumelanin aggregates. The number of aggregates per
cm3 of solution will then be given by

N =
NA C
149np

=
3NA CVm

596¼a3

whereNA = 6:02214£ 1023 is Avogadros number. Applying this to Eq. (4.16) we ¯nd

®s =
32
447

NA ¼4CVm
a3

¸ 4

¯
¯
¯
¯

² ¡ ²s

² + 2²s

¯
¯
¯
¯

2

(4.17)

The dielectric constant for eumelanin (²) has been measured to be¼ 2:72 at optical fre-
quencies (633nm) [175, 176]. The dielectric constant for water (²s) is known to be ¼ 1:81
at optical frequencies [177, 178].Vm has been estimated to be 1:2 £ 10¡ 28m3, as discussed
above. Knowing these parameters we can ¯t the scattering coe±cient vs 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 third power in the equation for the
scattering coe±cient. The scattering is therefore strongly dependant upon the particle size
and it can be determined somewhat accurately from a measurement of scattering.
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This was done over the range 210 nm to 325 nm where accurate scattering data was
available, as shown in ¯gure 4.5. The best ¯t was found for a particle radius of 38§ 1 nm.
The good ¯t of the data to Rayleigh scattering theory suggests that we are in fact measuring
scattering, and not another phenomemon (instrumental or otherwise). This particle size is
larger than that predicted by Cheng et al. [136, 145]. Largerparticles 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 sizein solution, which is
likey to not be the case. If a distribution of particle sizes are present then the measured®s

will be proportional to the integrated particle size distribution ( f (a)) multiplied by particle
size to the third power:

as /
1
¸ 4

Z 1

0
f (a)a3da (4.18)

Note that this expression is heavily weighted towards larger particles because of thea3. This
means that the mean particle size in our solution is in fact smaller than 38 nm, and may
be consistent with that predicted by Cheng et al [136, 145]. Rather than being a mean
particle size, this value should be interpreted as an upper bound for the mean particle size
in our solution. Due to the integration we are unfortunately unable to extract a particle size
distribution via this method, but alternative techniques such as dynamic light scattering may
have this capability for this system (this is recommended as anavenue of future research).

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

Melanosomes can be quite large (2 - 3¹ m) and therefore could be expected to scatter light
strongly (as will tissue generally, being a complex collectionof organelles of varying sizes). It
has been questioned whether this scattering could potentially contribute to photoprotection,
or whether eumelanin absorption is solely responsible. If the outler layer of skin were highly
scattering this would shield inner cells in an identical manner to an absorbing layer of the
same optical density. In light of these results, however, we believe that 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 measuredas a function of incident
wavelength, and found to contribute less than 6% of the optical density between 210nm
and 325nm. This means that eumelanin absorption spectra can beinterpreted as actual
absorption with a high degree of con¯dence, and allows the calculation of many other optical
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spectroscopic quantities, such as the radiative quantum yield,without direct subtraction
of scattering [47]. Hence, as long as eumelanin spectroscopic solutions are appropriately
prepared and well solubilised, scattering is not a concern. Thescattering coe±cient vs
wavelength was found to ¯t Rayleigh Theory with a particle radius of 38§ 1nm, which forms
an upper bound on the mean particle size in our solution. This islarger than the fundamental
particle sizes previously reported from X-ray scattering and microscopy studies [128, 136,
145], and is therefore consistent. Knowing the physical structure of eumelanin particles
is essential for interpretation of spectroscopic results, and therefore for understanding the
de-excitation pathways in eumelanin and its biological functionality.
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The dipole strength of eumelanin

5.1 Chapter abstract

We report the transition dipole strength of eumelanin in the ultra-violet and visible. We have
used both theoretical (density functional) and experimentalmethods to show that eumelanin
is not an unusually strong absorber amongst organic chromophores. This is somewhat sur-
prising given its role as a photoprotectant, and suggests that the dark colouring in vivo
(and in vitro ) of the eumelanin pigment is a concentration e®ect. Furthermore, by observing
the polymerisation of a principle precursor (5,6-dihydroxyindole-2-carboxylic acid) into the
full pigment, we observe that eumelanin exhibits a small amount ( » 20%) of hyperchromism
(i.e. the reaction process enhances the light absorption ability of the resultant macromolecule
relative to its monomeric precursor). These results have signi¯cant implications for our un-
derstanding of the photophysics of these important functionalbiomolecules. In particular,
they appear to be consistent with the chemical disorder model ofeumelanins.

5.2 Chapter introduction

The work described in this chapter is motivated by a desire to probe the chemical disorder
hypothesis and speci¯cally investigate whether eumelanin as a pigment has an unusually
high absorbance (relative to other organic and bio-organic chromophores) in the UV and
visible. To the ¯rst order, if eumelanin was merely a disordered ensemble of chemically
distinct macromolecules, one would expect the \system" to possess an integrated transition
dipole moment similar to that of the sum of its individual parts. To this end, we have
measured the extinction coe±cients for a number of species, namely: synthetic eumelanin,
DHICA (as a monomer and during its polymerization to eumelanin), tyrosine and °uorescein
(a strongly °uorescent, well characterised dye, used here as a standard for comparison).
Chemical structures of these molecules are shown in ¯gure 5.1. From these spectra we have
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Figure 5.1 : The chemical structures of molecules relevant to this study. DHI and DHICA are
the basic monomeric building blocks of the eumelanin macromolecule, whereas tyrosine is an earlier
precursor. Fluorescein is a commonly used organic dye and quantum yield standard.

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

5.3 Theory

The dipole strength of an electronic transition (D, in units of C2m2) can be determined from
an experimentally measured absorption spectrum via the following expression [180, 181]

D =
3²0~c
¼NA

n
Z

¢ º

²(º )
º

dº (5.1)

where all constants are in SI units,²(º ) is the extinction coe±cient expressed in m2mol¡ 1 (as
de¯ned in equation 2.5, ¢º is the frequency range over which the transition occurs andn is
the average refractive index of the solvent in a region of spacearound the chromophore of the
order of an optical wavelength (we approximate this here by the refractive index of the bulk
solvent). This calculation assumes that you can clearly identify and integrate over a single
electronic transition (which is not always possible in an experimental spectrum). Note that
1 m2mol¡ 1 = 10 L mol ¡ 1 cm¡ 1. D may be converted to the commonly used units of debye2

via 1 debye2 = 1:1127£ 10¡ 59C2m2. From the dipole strength one may then determine the
magnitude of the transition dipole moment¹ ij = ehj j~rji i between two statesji i and jj i ,

D = j¹ ij j2: (5.2)
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Note that for clarity we have supressed the subscriptsi and j on D and other parameters
where they are understood. We can also determine the dimensionless oscillator strength,f ,

f =
µ

4¼meº
3e2~

¶
D (5.3)

where e and me are the charge and mass of an electron respectively,º is the frequency of
the transition, and all values are in SI units (includingD in C2m2).

5.3.1 Radiative rates

The radiative rate of a material in a medium of indexn is given by the Strickler-Berg relation
[180],

A =
1

4¼²0

64¼4nhº ¡ 3i ¡ 1

3hc3
D (5.4)

where all quantities are in SI units (includingD in C2m2). A is the radiative rate in s¡ 1 and
the angular brackets indicate an average weighted by the emission spectrum

hº ¡ 3i ¡ 1 =

R
f (º )dº

R
º ¡ 3f (º )dº

(5.5)

wheref (º ) is the emission spectrum.A is also known as the Einstein coe±cient of sponta-
neous emission [181]. The lifetime of the excited state (¿) is then given by

¿ =
©
A

(5.6)

where © is the radiative quantum yield (the ratio of photons emitted 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 changedfrom the intrinsic dipole
strength of the isolated chromophore (gas phase). To a good approximation, although dif-
ferent solvents will change the position and width of the absorption peaks (and hence the
extinction coe±cient), in the absence of speci¯c solute-solvent interactions (such as hydrogen
bonding or conformational changes) the change in dipole strength of the chromophore in solu-
tion depends only on the solvent refractive index [183, 184].This result can be obtained from
\reaction ¯eld" type models [185], modelling the solvent as a bath of harmonic oscillators, for
which sum rules can be obtained [186]. The dipole strengths obtained experimentally in this
chapter are therefore expected to di®er from those of an isolated molecule, as calculated by
NRLMOL 1. Corrections may be possible through a reaction ¯eld type calculation [183, 187].

1NRLMOL is the Naval Research Laboratory molecular orbital library, a pi ece of software designed to
perform density functional theory calculations on isolated molecules. Our use of thisprogram 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 identical to that described in section
4.3.1. This stock solution was diluted to concentrations (by weight) of 0:001%, 0:0025%
and 0:005%. The dipole strength was determined for each solution (via measurement of the
absorption spectrum, as described below) over the frequency range indicated in table 5.1
and averaged to give the reported value.

DHICA

DHICA was synthesised as reported by Tranet al. [76]. It was solubilised in pH 9 NaOH
at a 2 mM concentration. The absorbance was measured and scaled using a published value
for the extinction coe±cient at the 316 nm peak [188]. The oxidative polymerisation of this
solution was monitored by the extraction of aliquots at 0, 0.5, 1, 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 solublised in 1M HCl
to a concentration (by weight) of 0.0025%.

Fluorescein

Fluorescein is known to have various forms, but at the pH used in this study it exists in
the dianionic form as shown in ¯gure 5.1 [189]. Fluorescein (Aldrich, F2456-100G, Batch
09014PA, Dye content ca. 95%) was solubilized in 0.1M NaOH solution and diluted to give 5
solutions of varying concentration (2£ 10¡ 5% to 5£ 10¡ 6% by weight). The dipole strength
was determined for each solution over the frequency range indicated 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 that described in section 4.3.2.
Emission spectra were measured as described in chapter 62.

5.4.3 Time resolved °uorescence

The excited state lifetimes were measured as follows. The samplewas excited with a Tsunami
titanium sapphire laser (Spectra-Physics Lasers Inc, Model 3960C-X3BB) tuned to 780 nm,
with a pulse length of 73 fs and power output of 7.50 W. A frequency doubling crystal was

2These emission spectra are discussed in more detail later in chapter 6, so we leave the 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 gave an 8 MHz pulse
train with an extinction ratio of approximately 400. The resulting beam was passed through
a 390 nm bandpass ¯lter, then used to excite the eumelanin solution contained within a
quartz cuvette. The cuvette was measured inside the enclosed cuvette holder (PicoQuant
GmbH Rudower Chausse 29, Fluotime 200) with inbuilt detectionsystem (ScienceTech Inc
Model no. 9030DS). Emission was detected at 475 nm with excitation and emission slits
both 2 mm, the iris fully open to give the maximum signal level,and an acquisition time
of 1000 s. A blank solution (solvent only) was measured for background subtraction. An
instrument response function (IRF) was measured from a Ludox standard scattering solution
at the incident wavelength (390 nm) with settings that produced a maximum intensity
approximately equal to that of the eumelanin data (excitation and emission slits: 2 mm,
acquisition time: 1 s, iris fully closed to prevent detector saturation). Data was deconvolved
via an iterative reconvolution process using the multiexponential °uorescence decay ¯tting
software `PicoQuant FluoFit'.

5.4.4 Density functional theory calculation details

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

Minimum energy structures were calculated for DHICA, tyrosine and °uorescein (chem-
ical structures shown in ¯gure 5.1). We then calculated the strength of each absorption line
as the sum over all states of both levels [199] (recall¹ ij = ehj j~rji i ).

Sij = Sji =
X

ij

¹ ij :¹ ij (5.7)

This quantity can be related to the radiative rateA (the Einstein coe±cient) via

A ji gj =
64¼4º 3

3hc3
Sji =

2:02£ 1018

¸ 03
S0

ji (5.8)

where no summation over repeated indicies is implied. In the ¯nal expressioņ 0 is measured
in Angstroms and S0

ji is in atomic units [199]. The degeneracygj 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

D ij = 6:438S0
ij (5.9)

where D is in debye2 and S0 is in atomic units. The dipole strengths of all transitions with
energies in the experimental frequency ranges (see table 5.1) were summed to give the dipole
strength values given in table 5.2.
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Figure 5.2 : The extinction coe±cients of synthetic eumelanin (solid), DHICA (dot-dash) tyro-
sine (dotted) and °uorescein (dashed). The inset shows DHICA, eumelanin and tyrosine data with
a di®erent vertical scale (not visible on full plot due to the order of magnitude greater extinction
coe±cient of °uorescein compared to the other samples). For eumelanin, the extinction coe±cient
is expressedper monomer. Note the unusual broadband shape of the eumelanin spectrumas 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 coe±cient is re°ected in its much larger dipole strength (see Table 5.1).

5.5 Results and discussion

5.5.1 Extinction coe±cients

Figure 5.2 compares the measured extinction coe±cients for tyrosine, eumelanin, °uores-
cein and DHICA as determined experimentally according to equation 2.5. The extinction
coe±cients for all compounds are in good agreement with literature values [200{203], both
qualitatively and quantitatively. The extinction coe±cient of eumelanin is reported hereper
monomer, where the molar weight of a monomer is taken to be the averagemolar 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, thisis the most meaningful way
to express the extinction coe±cient. Note the broadband shape ofthe eumelanin spectrum
compared with the more typical peaked spectra of the other organic chromophores. Knowing
that our measured extinction coe±cients are in good agreementwith previously published
values, we can now determine other parameters from this data with con¯dence.

5.5.2 Experimentally measured transition dipole strength s

Dipole strengths, transition dipole moments and oscillator strengths for each of these com-
pounds were determined from the measured extinction coe±cients according to Eqs. (5.1),
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D ¹ f ¢ º
(debye2) (debye) (dimensionless) (1015 Hz)

Tyrosine 1:6 1:3 [1.04] 0:027 [0.019] 0.375 to 1.2
Eumelanin 37N 6:1

p
N 0:53N 0.5 to 1.2

DHICA 31 5:6 0:46 0.5 to 1.2
Fluorescein 140 12 [7.0] 1:3 [0.46] 0.5 to 0.75

Table 5.1: Absorption parameters as de¯ned in the theory sectionextracted from extinction
coe±cients in ¯gure 5.2 (D: dipole strength, ¹ : transition dipole moment, f : oscillator
strength). These are typically determined for a particular peak or transition, but this is not
possible for a broadband spectrum such as that for eumelanin, hence the frequency ranges
over which the integrations of experimental data were performed to determine the dipole
strength and other parameters are as listed (¢º ). Data in brackets are from reference [202]
over the same frequency range for comparison. Discrepancies between these results and those
found in literature may be attributed to di®erence in solvents(which can a®ect the dipole
strength via second order e®ects) and uncertainty in concentration. Since the primary and
secondary structure of eumelanin is unknown it is necessary to determine these parameters
in terms of N , the average number of monomers per oligomer (as described inthe text).
The dipole strength per monomer of eumelanin (37) is comparable to that of DHICA (31),
much larger than that of tyrosine (1.6), and much smaller than that of °uorescein (140).
This suggests that eumelanin is not an exceptionally strong absorber 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 the average molar weight is taken
to be the average number of monomers per oligomer (N ), multiplied by the average molar
weight of the two forms of eumelanin precursor (171g mol¡ 1). The extinction coe±cient and
other parameters discussed in section 5.3 then become functionsof N , and are expressed as
such in tables 5.1 and 5.4. Values in brackets for tyrosine and °uorescein are from reference
[202] for comparison. Our results are consistent with literature values; discrepancies can be
attributed to di®erences in solvent (which may a®ect the dipolestrength 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 calculated over a particular single
transition, whereas for eumelanin this is unachievable due to the broadband shape of the
absorption spectrum. For typical compounds, the extinction coe±cient is small outside of
a clear peak, and hence increasing the integration range willnot greatly a®ect the estimate
of the dipole strength. For eumelanin, however, there is no clear 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 nmto 800 nm, which gives
an order of magnitude estimate of the dipole strength in a critical range from a functional
perspective. DHICA was integrated over the same range as eumelanin so that a direct
comparison is possible. Tyrosine and °uorescein exhibit clear peaks, so that the integration
range is not particularly important.

Transition dipole moments and oscillator strengths have also been included in table
5.1 since these are other commonly used measures of the same parameter. Note that if
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eumelanin forms large polymer structures this would make thenumber of monomers per
oligomer (N ) very large, and hence the dipole strength very large. This does not mean,
however, that the polymerisation process enhances the absorption of a solution of eumelanin
relative to its precursors, since, as the polymerisation processoccurs, the total number of
species in the solution decreases. This means that, although thedipole strength increases,
the concentration decreases in such a way that the optical density of the solution may stay
approximately constant.

In summary, the dipole strength per monomer of eumelanin over the UV/visible range
was determined to be approximately 40 debye2 (table 5.1). This is greater than the dipole
strength of tyrosine (1.6 debye2), comparable to that of DHICA (31 debye2), and less than
that for °uorescein (140 debye2). These results are consistent with the predictions of the
chemical disorder model, and suggest that eumelanin is neitheran exceptionally strong ab-
sorber (as one might expect due to its biological role as a photoprotectant), nor exceptionally
weak.

5.5.3 Transition dipole strengths from density functional t heory

First principles quantum chemistry calculations are routinely used as a standard tool for
assessing such properties of materials as optical and electricalparameters, electronegativity,
hardness, softness, molecular energetics and other properties [205]. Here we use density
functional theory (DFT) to assess whether our experimentally determined optical parameters
are in agreement with quantum chemical models for these systems.This provides important
validation of our experimental results, and a benchmark for further use of DFT in studies
of this nature.

The transition dipole strengths and energy gaps (listed as frequencies) of the structurally
well characterised molecules examined here were calculatedusing DFT, and are listed in table
5.2. More than one transition was predicted to lie within the experimental frequency ranges,
most of which had negligible dipole strengths. Hence only those predicted to have substantial
magnitude are listed. The fourth column lists the main transitions that are predicted to
make substantial contributions to the dipole strength. Note that for tyrosine the HOMO to
LUMO transition has negligible intensity (and hence is not listed), whereas that transition
dominates the dipole strengths of DHICA and °uorescein. Similarly, for both DHICA and
°uorescein the HOMO-1 to LUMO transition makes the next most intensecontribution to
the dipole strength, and is located close in energy to the HOMO toLUMO transition. For
tyrosine, however, all higher energy transitions with substantial intensity were far removed
from the initial peak, occurring at much higher energies andclose to the upper bounds
of the experimental frequency range. With the known tendancy of DFT to underestimate
energy gaps (as discussed below), we believe that these higher energy transitions were not
related to the experimentally measured extinction coe±cientpeaks, and hence have not been
considered in this analysis. It is curious that tyrosine di®ers qualitatively from DHICA and
°uorescein; we believe this is an interesting topic for furtherinvestigation.

The electron densities calculated by DFT of the important molecular orbitals for these
molecules are shown in ¯gure 5.3. For DHICA and °uorescein the HOMO to LUMO and
HOMO-1 to LUMO transitions are those predicted to make signi¯cant contributions to the
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DDF T (debye2) º (1015 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 (DDF T ) and frequencies (º ) for tyrosine, DHICA
and °uorescein predicted by DFT. Only the most prominent transitions (those with signif-
icant magnitude) in the experimental ranges used in this studyare listed. HOMO-LUMO
gap for DHICA has been previously reported [77].

dipole strength. It is clear that the electron densities of each of these three important
molecular orbitals for DHICA and °uorescein have nodes in the plane of the molecule, and
therefore can be attributed to¼ orbitals. This suggests that both of these transitions are
¼¡ ¼¤, as would be expected for transitions at these energies for organic 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 electron density from one
part of the molecule to the other in both the HOMO to LUMO and HOMO-1 to LUMO
transitions.

The electron densities for tyrosine are more di±cult to interpret because this molecule
has a non-planar section. All three molecular orbitals appearto have ¼character, however,
indicating that the HOMO to LUMO+1 transition (the only transiti on of experimental
relevance with signi¯cant intensity) is also a¼¡ ¼¤ transition. Interestingly, both the
HOMO and LUMO+1 appear to have the electron density localised largley on the aromatic
group, whereas the LUMO (not involved in any signi¯cant transitions) has electron density
localised on the non-aromatic tail group.

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

(b) DHICA

(c) Fluorescein

Figure 5.3 : Electron densities of important molecular orbitals as calculated 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 shown 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.
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Experiment DFT
Dexp (debye2) º av(1015 Hz) ¢ º exp(1015 Hz) DDF T (debye2) º av(1015 Hz) Transitions used for DDF T

Tyrosine 1:6 1:09 0.38 to 1.2 11 0.987 º = 0:987, HOMO to LUMO+1
DHICA 31 0:949 0.50 to 1.2 66 0.691 Total in experimental range

Fluorescein 140 0:611 0.44 to 0.75 112 0.454 Total in experimental range

Table 5.3: Dipole strengths,D, calculated using density functional theory (in vacuum, DDF T ) compared with experiment
(in solution, Dexp). ¢ º exp are the frequency ranges over which the integrations of the experimental data were performed to
determine the dipole strength. These ranges were also used to sum the DFT peaks for DHICA and °uorescein to obtain the
values listed, whereas for tyrosine only the lowest energy DFT peak was considered to contribute, since it appears that the
higher energy peaks in the DFT are not seen in the experimentalspectrum (the transitions that were used for the calculation
of the DFT dipole strengths are as shown in the ¯nal column). Essential trends are reproduced by the DFT results, although
we do not achieve quantitative agreement as well as expected. The frequency where the main peak occurs experimentally (º av,
experimental) can be compared to the frequencies for the main DFT predicted transitions (º av, DFT); as has been previously
observed DFT consistently underestimates the magnitude of the energy gap but reproduces trends correctly [206].
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We emphasise that DFT is a theory of the ground state, however it can reproduce trends
in excited state behaviour (including transition energies and dipole strengths) [207, 208]. It
is clear from table 5.3 that although DFT does not give strong quantitative agreement with
the dipole strengths measured experimentally (particularlyfor tyrosine), it does reproduce
the experimentally observed trends, giving the smallest dipolestrength for tyrosine, and
the largest for °uorescein. This shows that DFT is an appropriatetool for qualitatively
modelling eumelanin and similar systems. The ability of DFT to reproduce the trends in
the dipole strength also lends weight to our experimental results.

It is somewhat curious that better quantitative agreement isnot observed between DFT
results and experiment. As exempli¯ed in reference [209] and references within that paper, it
is well accepted that DFT delivers very accurate molecular polarizabilities (certainly better
than 10%). The polarizability of a molecule depends quadratically upon the same dipole
matrix elements that appear in the expression for absorptivity(equation 5.8) which also
depends quadratically upon these elements. Therefore deviation between theoretical and
experimental trends in table 5.3, particularily tyrosine, must be viewed as inexplicably large
in comparison to 10¡ 30% deviations in energy gaps observed for these molecules and» 5%
deviations in screened polarizabilities.

A number of theoretical techniques could provide more accurate values of the dipole
strength. Time dependant DFT (TDDFT) has been shown to be e®ective for predicting
excited state properties such as transition energies and optical absorption spectra [210].
Further, Yabana and Bertsch have shown that TDDFT reproduces dipole strengths of¼¡ ¼¤

transitions for conjugated carbon molecules with a typical accuracy of » 20% [211]. The
fact that TDDFT only reproduces dipole strengths in ¼¡ ¼¤ transitions for conjugated
carbon molecules to 20% is indeed interesting given that a large body of results shows that
DFT-based static polarizabilities lead to better agreement than 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 completeactive space calculations
[SA3-CAS(4,3)] and multireference perturbation theory (MRPT2). These methods should
be expected to provide higher accuracy than either DFT or TDDFT. However, Olsenet al.
¯nd oscillator strengths at least as large as the DFT results reported above for DHICA. This
suggests that the disagreement between theory and experiment may not 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 eumelanin, tyrosine and °uorescein using
previously measured emission spectra and quantum yield values [47, 182, 202] in addition to
the extinction coe±cients reported here, as outlined in the theory section. These are shown
in table 5.4. The radiative quantum yield of eumelanin is known to vary with excitation
wavelength [47] (this is an unusual property for an organic chromophore [212]). For calcula-
tions here, the value aţ ex = 380 nm has been used (wherȩex is the excitation wavelength).
A and ¿ for °uorescein agree well with literature values which lends credibility to our values
for eumelanin. Similarly, the lifetime predicted for tyrosine is consistent with the reported
literature value.
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¸ ex (nm) A (ns¡ 1) © ¿
(these results) (literature) (literature) (these results) (literature)

Eumelanin 380 0:13N - (6:42§ 0:3)£ 10¡ 4 [47] 4:9N ¡ 1 ps · 85 ps [47]
Fluorescein 490 0:38 0.221 [182] 0:92§ 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 eumelanin,tyrosine and
°uorescein. ¸ ex is the excitation wavelength, © is the radiative quantum yield. The extinction coe±cient and °uorescence
spectra for tyrosine used for these calculations are from reference [202]. The directly measured lifetimes agree to within an
order of magnitude with those determined from the extinctioncoe±cients, which is good considering that many parameters
(such as the absorption coe±cient, radiative quantum yield andthe solution concentration), each with their own uncertainties,
enter into determining this value. Also, we have used a ¯rst order theory that does not take higher order e®ects into account.
Therefore, we are satis¯ed with this level of agreement with literature.
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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 experimentally measured °uorescence
excitation decay of eumelanin. The predominant excited state lifetime (85 ps) is relatively
short, and may be shorter (this time is of the order of the instrument response function).
The consistency between these measured lifetimes and that determined from the absorption
and emission spectra is consistent with the broadband absorption spectrum being electronic
in origin.

For a further comparison of the parameters determined from the extinction coe±cient,
the excited state lifetime of eumelanin was measured directly. The 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 orderof the instrument response,
such that the actual predominant lifetime may be much shorter.These results are consistent
with those reported by Forest [121] (predominant radiative lifetime of 59 ps at 420 nm).
Note that this value is also likely to be an overestimate of the true radiative lifetime of
eumelanin. Hence, we conclude that the excited state lifetimeof eumelanin determined from
the absorption and emission spectra is consistent with the directly measured lifetime. This
agreement indicates that the absorption spectrum of eumelanin is genuinely electronic in
origin, and not a result of scattering or some other non-electronic phenomenon (in agreement
with our results in chapter 4).

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

5.5.5 Time evolution of DHICA into eumelanin

So far we have considered the equilibrium properties of eumelanin and DHICA. It is now
instructive to consider how these spectroscopic properties change in the reaction process
as DHICA evolves to form eumelanin. DHICA was allowed to react and the absorbance
monitored at intervals. The extinction coe±cient as it evolves over time is shown in ¯gure
5.4. The shape of the DHICA spectrum (measured at the initial time) is in good agreement
with published spectra [188, 214], and, as it reacts, it shifts towards the eumelanin spectrum
(both in shape and magnitude), as would be expected. Note that the extinction coe±cient
is plotted per monomer, since this is a more meaningful parameter for a macromolecule than
the absolute extinction coe±cient.

The dipole strength per monomer was determined at each time point, and is plotted
in ¯gure 5.5 for di®erent choices of UV cut-o® frequency. Note that, although the absolute
magnitude of the eumelanin dipole strength is a®ected by the choice of integration range, the
relative change in dipole strength over the course of the reaction is more robust. The dipole



5.5 Results and discussion 73

14x10
3
 

12

10

8

6

4

2

E
xt

in
ct

io
n 

C
oe

ffi
ci

en
t (

L 
m

ol
-1

 c
m

-1
)

1.4x10
15

 1.21.00.80.6
Frequency (Hz)

 0hrs
 2hrs, 8hrs, 24hrs
 74hrs

Figure 5.4 : The extinction coe±cient 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 substantially in integration area. Dipole
stengths determined from this data are shown in Fig. 5.5.

strength per monomer increases by approximately 20% over the course of the reaction (the
increase is between between 12% and 26% for the UV cut-o® frequencies we have considered).
The dipole strength tends towards the value measured for eumelanin, as would be expected
(when the same UV cut-o® frequency is used for both).

This data indicates that eumelanin exhibits hyperchromism;the reaction process en-
hances absorption such that, after the reaction, the dipole strength of an oligomer is greater
than the sum of the dipole strengths of the constituent monomers(for a discussion of
hypochromism in biological molecules see reference [95]). The observed hyperchromism of
eumelanin is interesting; bio-polymers often exhibithypochromism (decreasein UV/visible
dipole strength per monomer upon polymerisation) of a similar magnitude to the hyper-
chromism we observe for eumelanin (5% to 10% for polystyrene [215, 216], 19% to 25% for
poly(N-vinylcarbazole) [217] and 40% for DNA [95]). The hypochromism in these molecules
is thought to be related to the formation of¼-stacking interactions, which reduce the os-
cillator strength due to the parallel and adjacent arrangement of transition dipoles of the
neighbouring molecules [218{221]. Hyperchromism, on the other hand, can occur when the
dipoles of neighbouring molecules are arranged along the same axis and one behind the other.
The hyperchromism observed for eumelanin might therefore be due to the edgewise associa-
tion of DHICA molecules, forming planar oligomers. A slight hypochromism is also observed
at later times, which may suggest subsequent¼-stacking of planar oligomers. We wish to
emphasise, however, that the magnitude of the observed hyperchromism (and especially the
later hypochromism) is very small, and is of the order of the uncertainty due to the choice
of UV cut-o® frequency. We therefore caution that these resultsshould not be over analysed
without ¯rst measuring the extinction coe±cient further into th e UV.

Eumelanin's hyperchromism could be related to its role as a biological photoprotectant
(an increase in absorption strength upon polymerisation enhances its ability to shield from
incident photons). The fact that the magnitude of the hyperchromism 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¯cantly, these results are
consistent with the chemical disorder structural model for eumelanin [53]. In this model, the
broadband absorption spectrum of eumelanin is produced by thesummation of the (peaked)
spectra of many distinct chemical species, as described in chapter 2. These species are
suggested to be small oligomers of DHI and DHICA (¯gure 5.1) which would be expected to
have dipole strengths per monomer similar to those of the monomer species (being similar
in size). Since we observe only a small increase in the dipole strength per monomer over the
course of the reaction, we conclude that these results are consistent with this model.

5.6 Chapter conclusions

We have shown that the dipole strength of eumelanin is not exceptional compared to other
biologically relevant molecules. The dark colouring and photoprotection in the skin and hair
of humans and other species must therefore be the result of a concentration e®ect. Our
results also suggest that the highly unusual broadband absorptionspectrum of eumelanin is
electronic in origin, and not caused by scattering or other non-electronic processes, con¯rming
the results presented in chapter 4. In addition, we found that the dipole strength per
monomer of eumelanin increases by approximately 20% as it forms, indicating that eumelanin
exhibits hyperchromism. Most signi¯cantly, the small magnitudeof this hyperchromism is
consistent with the currently favoured structural model of eumelanin (the chemical disorder
model). It also suggests that the most important role of the reaction that forms eumelanin
is to produce a broadband absorption spectrum, rather than an increased dipole strength.
The resulting broadband absorption spectrum of eumelanin makes it capable of acting as an
optical ¯lter, protecting biological tissue from optical damage.



5.6 Chapter conclusions 75

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. The variation between the curves indicates
that the absolute value of the dipole strength at each time point 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% hyperchromism (increase in dipole strength with
polymerisation).
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Energy dissipation in melanins
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Energy dissipation in melanin

The accepted primary role of eumelanin is to function as a biological absorber, acting as a
¯lter to shield us against damaging ultraviolet radiation. Thebroadband absorption spec-
trum ensures that we are protected against all wavelengths, andespecially against the most
damaging high energy photons. We have shown (in chapter 4) thatthis absorption is truly
electronic in nature, rather than a scattering phenomenon, which raises the question of where
the absorbed energy is ultimately channelled to. The processesby which eumelanin dissi-
pates the energy it absorbs are not well characterised, and in many ways the dissipation
processes are even more important than the absorption processes. Afailure to dissipate
energy properly in the skin may lead to chemical reactions andcell damage, and it is these
energy dissipation processes that become critical when attempting to use eumelanin to har-
ness energy in photovoltaic devices (for example).

Melanin may dissipate energy radiatively via °uorescence or phosphorescence. Fluores-
cence is due to spin allowed electronic transitions, giving riseto emission nanoseconds after
absorption. Phosphorescence is due to the occurance of spin forbidden transitions (typi-
cally from a triplet state to a singlet state) which have very long excited state lifetimes;
consequently the light may be emitted up to hours after absorption.

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

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

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

² Excited state chemical reactions. Biologically, in some highly specialised cases such
as absorption by chlorophyll in photosynthesis, this may lead tobene¯cial conversion
and storage of energy. However, photosynthesis is an extremely complex process that
requires a great deal of cellular molecular machinery. Photoinduced chemical reactions
therefore typically produce species that are harmful to bio-functionality. This is likely
to be the case for melanins because there is no evidence of complex molecular processes
of the type that are evident in the photosynthetic process.3

Understanding which of these processes contributes to energy dissipation 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 characterising and understand-
ing the radiative dissipation processes in melanins. We report inchapter 6 an accurate char-
acterisation of the radiative properties of eumelanin, including emission spectra and radiative
quantum yields for a range of excitation wavelengths. The importance of re-absorption and
inner ¯lter e®ects is revealed, and a method to correct for theseis presented and shown to
be extremely e®ective. Chapter 7 reports a more in depth study of the radiative properties
of eumelanin, with a detailed °uorescence map over the UV and visible range, and a map
of the radiative quantum yield of eumelanin showing the dependance of this quantity upon
excitation and emission wavelength over this range. This is the most detailed study of the
emission properties of eumelanin to date. In chapter 8 we report the application of these
methods to a synthetic analogue of pheomelanin so that the properties of this much less well
studied form of the melanin pigment can be compared to those of eumelanin.

Chapter 9 reports a detailed study of the emission properties ofDHICA, one of the eu-
melanin monomers. By accurately understanding the properties of this well characterised
monomeric system we aim to work towards an understanding of the spectroscopic proper-
ties of the bulk eumelanin pigment. Chapter 10 provides a link between the two systems,
reporting spectroscopic observation of DHICA as it polymerises to form eumelanin.

In chapter 11 we report a preliminary study into the non-radiative dissipation processes
in eumelanin. In this chapter we outline the results of an inelastic neutron scattering study
of melanin precursors to investigate in detail the vibrational properties of these molecules
and their relation to the non-radiative dissipation processes in eumelanin.



6
The challenge of spectroscopy with melanin

6.1 Chapter abstract

We show that eumelanin emission spectra are strongly a®ected by re-absorption and inner-
¯lter e®ects, and present a method to correct for these e®ects to achieve accurate emission
spectra for eumelanin. These spectra show some interesting and atypical features, including
a red-shift in the emission peak with decreasing excitation energy, and complete violation of
the spectroscopic mirror image rule, both of which are consistent with the chemical disorder
model. This method also allows for what we believe to be the ¯rst accurate measurement of
the radiative quantum yield of eumelanin, which is shown to bevery low (less than 0.1%),
as is consistent with eumelanin's role as a photoprotectant. Atypically, the yield is also
dependant upon excitation energy, which can again be explained by the chemical disorder
model.

6.2 Chapter introduction

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

Alternatively, if you are interested in the dependance of the °uorescence upon the excita-
tion wavelength, you can measure an excitation spectrum. Thisis done by illuminating the
sample with a range of excitation wavelengths (typically controlled by a monochromator)
and by then detecting the intensity of °uorescence at a single emission wavelength. Excita-
tion spectra can be less intuitive to interpret than emission spectra, but can be very useful
for identifying atypical excitation properties.
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A ¯nal parameter that is useful for characterising the °uorescence properties of a sample
is the radiative quantum yield, ©(̧ ex). This is de¯ned as the ratio of the number of photons
emitted (integrated over all emission wavelengths) to the number of photons absorbed (at
a particular excitation wavelength). The radiative quantum yield is an extremely useful
parameter since it allows comparison of the intensity of °uorescence between samples. It is
typically measured by comparison to a °uorescent standard with a known radiative yield.

6.2.1 Emission spectra

There are con°icting reports in the literature concerning eumelanin °uorescence. Several
early reports state that eumelanin does not °uoresce [223, 224], and later studies report very
weak °uorescence which was attributed to impurities or other chemicals [225{229]. There
are several reasons why eumelanin was described as non°uorescent, including

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 measurements were performed
in the solid state (in KBr, for example). The process of solubilisation brings about a
dramatic increase in the intensity of °uorescence, so early measurements performed in
the solid state su®ered from a further lowering of the measurable emission [230].

² The broadband absorbance spectrum of eumelanin causes re-absorption and inner ¯lter
e®ects at all wavelengths, signi¯cantly reducing the intensity of emission at all but the
lowest concentrations.

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

Melanin source

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

Excitation wavelength

Since melanin has a broadband absorbance spectrum there is no single wavelength that is
logical for excitation of the pigment, which has led to a variety of excitation wavelengths
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source emission peaks ¸ 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 H 2O2 re-absorption (1984) [230]
synthetic (from DHI) 560 NaOH solution

550 H2O
sepia ink 555 H2O
synthetic 420, 500 340 H 2O small molecular fragments Gallas and Eisner
(from DL-dopa) 420, 500 360 were removed. Only prior (1987) [ 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 2O - Teuchner et al.
(from tyrosine) 520 400 EGE (2000) [235]

530 400 KOH
500 400 DMSO

sepia ink 350 266 H2O size fractions Simon
(2000) [236]

sepia ink 450 300 H2O size fractions Nofsinger and Simon
450 325 (2001) [161]
460 350
465 375

synthetic 548 470 aqueous H2O2 deliberately oxidised Kayatz et al.
bovine 543 (2001) [237]
sepia ink 490 unspeci¯ed H 2O size fractions Birch et al.

(2005) [238]

Table 6.1: Summary of melanin emission spectra as reported in the literature. ¸ ex is the
wavelength used for excitation.

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

Solvent

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

Re-absorption and inner ¯lter e®ects have only been directly corrected for in one previous
study (reference [232]). The other studies listed in table 6.1 rely upon su±ciently low con-
centrations to reduce (but not eliminate) the impact of thesee®ects. We demonstrate in
this chapter that re-absorption and inner ¯lter e®ects a®ect eumelanin spectra in non-trivial
ways, even at low concentrations, both decreasing peak height and shifting the wavelength
where the peak occurs. These e®ects are concentration dependant, hence a variety of con-
centrations (not shown in table 6.1) will lead to apparent variation in emission spectra.
We emphasise in this chapter the importance of correcting for these e®ects. The study by
Kozikowski et al. in particular reports emission spectra that vary with concentration and
other anomalous features; we believe these e®ects can be attributed to re-absorption by the
eumelanin pigment [230].

Pigment degradation

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

Aggregate size

It has been shown that eumelanin consists of particles of varying size, and that when these
components are seperated into di®erent fractions they have di®erent emission properties
(emission spectra, excitation spectra, and radiative yields) [161]. Synthetic samples have
di®erent aggregation properties to natural ones, and some studies on synthetic eumelanin
have actively removed small molecular fragments via acid precipitation, whereas others have
not. These factors will contribute to producing a variety of di®erent emission spectra for
di®erent samples.

6.2.2 Excitation spectra

Excitation spectra give a ¯rst level indication of the dependance of emission spectra upon
excitation wavelength, but unfortunately there is just as much variation in excitation spectra
reported for melanins as there is in emission spectra, as demonstrated in table 6.2. Excitation
spectra will be a®ected by all the same variables as emission spectra, leading to a great
variation in the number and positions of excitation peaks that are reported (for all the same
reasons). Re-absorption and inner ¯lter a®ects also strongly a®ect exictation spectra, and
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source excitation peaks ¸ em solvent notes reference
(nm) (nm)

yellow mouse hair 308 unspeci¯ed NaOH solution - Ikejima 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 H2O size fractions Nofsinger and Simon
260, 385 500 (2001) [161]

synthetic 471 540 aqueous H2O2 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 reportedin the literature. ¸ em is the
wavelength at which emission was measured.

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

6.2.3 Radiative quantum yield

Reports of the radiative quantum yield of eumelanin in the literature are summarised in table
6.3. Due to low emission levels, and re-absorption and inner ¯ltere®ects, the radiative yield
of this system is very di±cult to measure. This has resulted in onlyfour published reports
of the radiative yield (as opposed to the many reported emissionspectra listed in table
6.1). All reports agree that the yield is very low, but the exact estimates vary with source,
solvent, and excitation wavelength. The radiative yield of eumelanin has also been shown to
vary with aggregate size [161], which may contribute signi¯cantly to the variation between
these reported results since some studies eliminate low molecular weight species through acid
precipitation, whereas others do not (small species have a signi¯cantly larger radiative yield
[161] and will therefore tend to dominate the radiative yield of the bulk system).

Photoacoustic calorimetry results for eumelanin show wavelength dependance in the en-
ergy dissipation processes in eumelanin, suggesting that electron-phonon coupling is less
e±cient at shorter wavelengths [162]. This is suggestive of wavelength dependance in the
radiative quantum yield of eumelanin. To our knowledge, theexcitation energy dependance
of the radiative quantum yield has not been previously probed, which led us to initiate the
study reported in this chapter (and the more in depth study reported in chapter 7).

It is essential for the measurement of quantum yields that optical scattering does not



86 The challenge of spectroscopy with melanin

source radiative yield ¸ ex (nm) solvent notes reference

synthetic < 10¡ 3 unspeci¯ed DMSO - Teuchner et al.
(from tyrosine) (1999) [234]
synthetic 1 £ 10¡ 3 400 DMSO - Teuchner et al.
(from tyrosine) 1 £ 10¡ 3 KOH (2000) [235]

6 £ 10¡ 4 H2O
2 £ 10¡ 4 EGE

sepia ink 1:9 £ 10¡ 3 350 H2O MW > 10000 Nofsinger and Simon
3:2 £ 10¡ 3 10000 > MW > 3000 (2001) [161]
5:2 £ 10¡ 3 3000 > MW > 1000
1:08 £ 10¡ 2 MW < 1000

sepia ink 3 £ 10¡ 3 350 H2O - Nofsinger et al.
(2001) [172]

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

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

6.2.4 Emission spectra as a probe

The variation between the published results listed in tables 6.1, 6.2 and 6.3 highlights how
sensitive the emission properties of eumelanin are to environmental conditions and the exact
preparation of the pigment. This makes it a challenging property to characterise accurately
and repeatably, but it also makes the emission spectrum a highly sensitive non-invasive
probe for the analysis of melanin (much more so than the relatively insensitive broadband
absorption spectrum).

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

Additionally, the measurements reported in this chapter identify several atypical features
of eumelanin °uorescence that can be logically explained by the chemical disorder model.
Hence spectroscopic examination of eumelanin pigment may provide us with a way to distin-
guish between the various models for the functionality of melanin. A ¯rst step towards this
goal is presented here, with the accurate characterisation ofemission spectra and radiative
quantum yields for eumelanin, corrected reliably for re-absorption and inner ¯lter 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 manner identical to that described
in section 4.3.1. From this, eumelanin solutions were preparedat a range of concentrations
(0:001¡ 0:005%). Under such conditions, pale brown, apparently continuous eumelanin dis-
persions were produced. Fluorescein (©r = 0:92§ 0:02) was purchased from Sigma Aldrich
and used without further puri¯cation to prepare standard solutions at 10 di®erent concen-
trations varying from 1:2 £ 10¡ 4% to 5 £ 10¡ 6% by weight in 0.1 M NaOH solution (18.2
Mohm MilliQ deionized water). Fluorescein and eumelanin concentrations were chosen so
as to maintain absorbance levels within the range of the spectrometer whilst maximising
emission.

6.3.2 Absorption spectrometry

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

6.3.3 Emission spectrometry

Emission spectra for eumelanin and °uorescein solutions were recorded for all concentrations
using a Jobin Yvon (Paris, France) FluoroMax 4 Fluorimeter. Emission scans were performed
between 400 and 700 nm using excitation wavelengths of between 350 and 410 nm for the
eumelanin samples and 490 nm for the °uorescein samples. A band passof 3 nm and
an integration of 0.3 s were used. The emission spectra were corrected for attenuation
of the probe beam and re-absorption of the emission according tothe procedure outlined
below. Background scans were performed under identical instrumental conditions using the
relevant solvents. Spectra were corrected to account for di®erences in pump beam intensity at
di®erent excitation wavelengths via the use of an incident reference beam in the °uorimeter.

6.3.4 Emission correction procedure

We have developed a procedure to correct for probe beam attenuation and emission re-
absorption which has been applied to all emission and excitation spectra reported in this
thesis. This procedure is outlined in depth in reference [163]. Brie°y, the measured emission
intensity I m (¸ em) at emission wavelengtḩ em at any particular excitation wavelength¸ ex is
related to the actual (corrected) emission intensityI c(¸ em) via the relationship

I c(¸ em) = I m (¸ em)k(¸ em) ¡ I bg(¸ em) (6.1)

whereI bg(¸ em) is the background contribution to the measured intensity (solvent and impu-
rity emission, and Raman scattering by the solvent), andk(¸ em) is a scaling factor de¯ning
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the probe beam attenuation and emission re-absorption. If we assume that only emission
arising from a small volume at the waist of the excitation beam iscollected by the spectrom-
eter detection system, thenk(¸ em) can be written as

k(¸ em) = exp ( ®exd1 + ®em(¸ em)d2) (6.2)

where ®ex is the absorption coe±cient (cm¡ 1) at the excitation wavelength, d1 (cm) is the
e®ective path length responsible for attenuation of the excitation beam, ®em(¸ em) is the
absorption coe±cient at the emission wavelength andd2 is the path length for emission re-
absorption. Equation 6.1 also holds for °uorescence excitationmeasurements, but in this
case the scaling factork(¸ ex) is dependant upon the excitation wavelength and is given by

k(¸ ex) = exp ( ®ex(¸ ex)d1 + ®emd2) (6.3)

If the geometry of the measurement system is known, then the pathlengthsd1 and d2 can be
found by inspection. For example, for a collimated excitation beam incident upon a square
cross-section cuvette (sides of lengthx (cm)) with collection at 90± with respect to excitation
(and in the same horizontal plane), then

d1 = d2 =
x
2

(6.4)

However, if the geometry of the system is ill-de¯ned, an estimate for the scaling factor can
be found by analysing the relative attenuation of the Raman scattering of the probe beam
in the sample with respect to the solvent. This technique is useful in the case of eumelanin
emission and excitation studies because the relatively weak emission is of a similar magnitude
to the intensity of the Raman scattering from the solvent (water). In this case, equations
6.2 and 6.3 (°uorescence emission and excitation respectively) can be rewritten as

k(¸ em) = exp ( ®em(¸ em)def f ) (6.5)

k(¸ ex) = exp ( ®ex(¸ ex)def f ) (6.6)

def f = ln
µ

I RB

I R

¶
1

®R
(6.7)

where def f is an e®ective path length (re°ecting both the pump beam attenuation and
emission re-absorption),I RB is the intensity of the Raman peak in the background (sol-
vent) and I R is the attenuated Raman peak intensity in the sample. These values can be
found by ¯tting gaussian line shapes to the Raman and emission features in the emission
spectrum. The absorption coe±cient at the Raman peak (®R) can be determined directly
from the absorbance spectrum (¯gure 6.1(a)). This method is particularly useful in thin
¯lm emission experiments, where pump beam attenuation may be relatively weak but emis-
sion re-absorption may be signi¯cant. In the data presented in this thesis, all eumelanin
and °uorescein spectra were corrected using equations 6.1, 6.2 and 6.4, although we have
shown that approximately similar results are obtained using equation 6.5 to calculatek(¸ em)
[163]. Absorption coe±cients (®em and ®ex) were determined from the absorbance spectra
for each concentration. The errors associated with this correction procedure were estimated
by considering the uncertainty in the scaling factor according to the equation

¢ k = k
£
(®ex¢ d1)2 + ( ®em(¸ em)¢ d2)2¤1=2

(6.8)
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6.3.5 Quantum yield calculations

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

©mel = © s

µ
gmel

gs

¶ µ
nmel

ns

¶ 2

(6.9)

where ©s (0:92§ 0:02 for °uorescein) is the known quantum yield of the standard,nmel and
ns are the refractive indicies of the eumelanin and standard solvents, respectively (in this
case both 1.33) andgmel and gs are the gradients of the integrated emission vs absorbance
plots. Given the dramatically di®erent quantum yields of °uorescein and eumelanin, it was
necessary to use neutral density ¯lters (OD0.6 and OD1.0) to prevent detector saturation
in the °uorescein emission measurements. These data were subsequently scaled with the
seperately measured absorbance of the ¯lters before the correction process. The errors
associated with the quantum yield measurements were calculated according to the following
equation (derived from equation 6.9)

¢© mel = © mel

Ãµ
¢© s

©s

¶ 2

+
µ

¢ gmel

gmel

¶ 2

+
µ

¢ gs

gs

¶ 2
! 2

(6.10)

where ¢gmel and ¢ gs are the uncertainties associated with the gradients determined from
the integrated emission vs absorption plots. In this analysis we have assumed ¢gmel , ¢ gs

and ¢© s are uncorrelated.

6.4 Results and discussion

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

Emission spectra were measured for these three eumelanin solutions with excitation at
380 nm; the raw spectra (not corrected for re-absorption or inner ¯lter 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 scattering from the solvent.
Raman scattering is typically very weak in intensity and is often dwarfed by emission from
the sample. This is not the case here, giving an indication of the weak intensity of the
emission from eumelanin.

Note the following unusual features of these spectra:

² The emission intensity does not scale linearly with concentration.

² The emission peak shifts to longer wavelengths as the concentration increases (the
intensity of the emission peak should vary as concentration changes, but the shape
and position of the emission peak should be independant of concentration).
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(a) Absorption spectra for three di®erent con-
centrations

(b) Absorption coe±cient at 380 nm vs con-
centration

Figure 6.1 : (a) Absorption spectra for three synthetic eumelanin solutions (0.005% (dotted
line), 0.0025% (dashed line) and 0.001% (solid line) by weight concentrations. (b) Absorption
coe±cient at 380 nm vs concentration for the three synthetic eumelanin solutions in (a) showing
expected linear relationship.

(a) Raw (uncorrected) spectra (b) Spectra corrected for re-absorption and inner ¯l-
ter e®ects

Figure 6.2 : Emission spectra (excitation at 380 nm) for three synthetic 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 concentration (the Raman
peak is a feature of the solvent, rather than the sample, and hence should be completely
unrelated to the sample concentration).

All of these features can be attributed to re-absorption and inner-¯lter e®ects. The inner-
¯lter e®ect is due to absorption of the excitation beam before itreaches 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 increasingly reduced intensity of
emission spectra. Re-absorption occurs when the absorption coe±cient is substantial at
the wavelengths where emission is being measured. Emission from the excitation volume is
re-absorbed before it reaches the outside of the cuvette. Since eumelanin has a broadband
spectrum that increases exponentially towards higher energies, this manifests as a redshift
in the eumelanin emission peak at higher concentrations (where re-absorption is more sig-
ni¯cant).

Re-absorption and inner-¯lter e®ects are typically avoided bythe use of very low con-
centrations where the absorbance is su±ciently low that they donot signi¯cantly a®ect the
emission spectra. This is not possible in the case of eumelanin where emission is extremely
low and higher concentrations are required to maximise the emission signal. It was deter-
mined that a concentration of 0:0025% eumelanin by weight gives the maximum emission
with minimum re-absorption and inner-¯lter distortions. At thi s concentration, however, it
is necessary to apply a correction for these e®ects to recover accurate spectra.

Applying the correction to the raw emission spectra in ¯gure 6.2(a) results in the corrected
spectra shown in ¯gure 6.2(b) (note that the solvent background spectrum included in ¯gure
6.2(a) has been subtracted as a part of the correction procedure, 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 (asdemonstrated 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 completelyremoved by the
subtraction of the background without leaving spectral `holes'.

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

The importance of this correction process is further highlighted in ¯gure 6.4. Integrated
emission is plotted against absorption coe±cient for each concentration (which should be
linear). Empty circles show uncorrected (raw) data, whereas̄lled squares show the data
after the correction process is applied. For eumelanin, in ¯gure 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 relationship. Upon application of the
correction procedure, however, the linear relationship is completely recovered.
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Figure 6.3 : Corrected emission peak intensity vs concentration for three synthetic eumelanin
solutions shown in ¯gure 6.2(b).

To demonstrate that this procedure is not only applicable to eumelanin, ¯gure 6.4(b)
shows measurements for ten concentrations of °uorescein. The lower 5 concentrations (bot-
tom left part of the graph) are in the regime usually used for measurements on °uorescein.
It is clear that the correction process is unnecessary at these low concentrations. At higher
concentrations, however, the uncorrected values deviate signi¯canty from linearity and the
correction procedure becomes important. Note that the intensity of emission is several orders
of magnitude higher for °uorescein than that for eumelanin, meaning that lower concentra-
tions of eumelanin could not be used in a similar way to remove the need for the correction
procedure. For eumelanin the correction procedure is necessary for all ¯ve concentrations
used, and at the highest concentration the deviation is very signi¯cant. By applying the
correction procedure, however, we recover the expected linear relationship between emission
and absorption to within the uncertainty of the correction.

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

The measured peak positions (after correction) are listed in table 6.4 for easy comparison
to those previously reported in the literature summarised in table 6.1. The only other
study to have applied a correction for re-absorption and inner̄lter e®ects [232] reports an
emission spectrum with two gaussian peaks at 433 nm and 505 nm that vary in height as
the excitation wavelength is varied (between 340 and 400 nm), exhibiting an isosbestic point
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(a) Synthetic eumelanin (b) Fluorescein

Figure 6.4 : Integrated emission vs absorption coe±cient at the excitation wavelength for (a)
eumelanin (excitation at 380 nm, ¯ve solutions of concentrations 0.001% to 0.005% by weight) and
(b) °uorescein (excitation at 490 nm, ten solutions of concentrations 1:2£ 10¡ 4% to 5£ 10¡ 6% by
weight). Open circles are raw data, ¯lled squares are corrected data (with linear regression).

(a) Emission vs wavelength (b) Emission vs energy

Figure 6.5 : Corrected emission spectra for a 0.0025% by weight synthetic 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 here, for comparison with table
6.1.
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(a) Full width at half maximum (FWHM) (b) Peak position

(c) Peak intensity

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

at 470 nm. They attribute this to two distinct chemical specieswhich interconvert as the
pump wavelength is changed. This intriguing result has not been replicated in any later
measurements (although several studies report two emission peaks, the isosbestic point has
not been observed). The behaviour we observe here is also very di®erent to that reported in
that study.

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

Another interesting feature of the emission spectrum of eumelanin is that it shows com-
plete violation of the mirror image rule. This rule states that, due to the laws of quantum
mechanics, the emission intensity divided by the energy cubed should be the mirror image
of the absorption spectrum divided by energy (on an energy axis)[245], as illustrated in
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Figure 6.7 : Because the same transitions are involved in both absorption and emission, and the
S0 and S1 vibrational levels are typically similar, for simple molecules the emission spectrum will
be the mirror image of the S0 to S1 transition in the absorption spectrum. Figure from reference
[245].
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Figure 6.8 : Emission / Energy3 (broken line, left axis) and absorption coe±cient / Energy
(solid line, right axis) for synthetic eumelanin solution showing violation of the mirror image rule.
For simple systems these quantities should mirror each other along the energy axis [245]. With a
peaked emission spectrum and a broadband absorption spectrum, eumelanin completely violates
this rule.

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

These results show that emission spectra o®er an extremely sensitive probe of the eu-
melanin system (far more so than absorption spectra, the broadband shape 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 £ 10¡ 4 350 NaOH solution Re-absorption
(from tyrosine) 6 :4 £ 10¡ 4 380 correction applied

5:7 £ 10¡ 4 410

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

be explained adequately by a variety of models). These emission measurements give much
stronger evidence for distinguishing between various models for eumelanin.

6.4.1 Radiative quantum yield of eumelanin

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

Most signi¯cantly, the radiative yield is dependant upon the excitation energy, which is
atypical behaviour for an organic chromophore, and is indicative 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 inner ¯lter e®ects which dis-
tort the intensity and shape of the measured emission spectrum. We apply a method to
correct for these e®ects and recover accurate emission spectra for eumelanin. This accuracy
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has allowed us to identify several features of eumelanin emission that are atypical for an
organic chromophore, including excitation energy dependance in the emission spectrum, and
violation of the mirror image rule. All of these atypical features are suggestive of chemical
disorder. This method has also allowed us to make the ¯rst accurate measurement of the
radiative yield of eumelanin, which is found to be very small (less than 0.1%), as is ideal for
a photoprotectant. The radiative yield is also dependant upon excitation energy, which is
unusual, and will be investigated in more depth in the following chapter.
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7
Radiative quantum yield mapping

7.1 Chapter abstract

In this chapter we detail a complete °uorescence map for synthetic eumelanin over the
UV/visible range and identify two di®erent regimes of interest,̧ ex > 310 nm and¸ ex < 310
nm. For ¸ ex > 310 nm eumelanin exhibits the previously observed propertiesindicative of the
presence of multiple species; we report these features over a much wider range than previously
measured. For¸ ex < 310 nm we report a previously unobserved regime which shows little
dependance upon excitation energy which we attribute to emission from a single species.
To further investigate the excitation energy dependance of the emission, we determine the
radiative yield as a function of excitation energy, as well as a quantity which we call the
`speci¯c quantum yield'; this gives the probability that a photon absorbed at a particular
¸ ex will be emitted at a particular ¸ em. Clear structure is observed, as is a non-trivial
dependance upon the excitation wavelength, indicative of chemical disorder.

7.2 Chapter introduction

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

We also showed in chapter 6 that the the radiative quantum yieldof eumelanin is depen-
dant upon excitation energy. This highlights the need to determine the radiative quantum
yield as a function of excitation wavelength for a clearer understanding of eumelanin's de-
excitation processes. We present in this chapter a method for measuring a quantum yield-like
quantity that we call the `speci¯c 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 ¸ ex that are emitted at a speci¯c wavelength¸ em. Integration of this quantity
over ¸ em yields the traditional quantum yield as a function of excitation energy. The speci¯c
quantum yield allows us to track the de-excitation path of each emitted photon. With the
resulting speci¯c quantum yield map we have a much more completeunderstanding of the
spectroscopic properties of eumelanin. In addition to reporting the speci¯c quantum yield
for eumelanin, we present the general method for determination of the speci¯c quantum
yield for any compound.

7.3 Theory

We seek to determine an expression for the radiative quantum yield of a sample as a function
of the excitation and emission wavelengths (¸ ex and ¸ em respectively), in terms of measurable
parameters, which we de¯ne as the `speci¯c' quantum yield (Q(¸ 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 inthe centre of the
cuvette by the slit widths for the incoming and outgoing beams,as shown in ¯gure 7.1. This
is the volume from which °uorescence is detected, given the instrumental design. We de¯ne
Na(¸ ex) to be the total number of photons absorbed in the central volume, andNe(¸ ex; ¸ em)
to be the total number of photons emitted from the central volume. The speci¯c quantum
yield (as a function of¸ ex and ¸ em) is then de¯ned as

Q(¸ ex; ¸ em) =
Ne(¸ ex; ¸ em)

Na(¸ ex)
(7.1)

Na is the di®erence between the number of photons incident on thecentral volume and
the number of photons remaining after passing through the volume. Since the number of
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photons is directly proportional to the light intensity with some proportionality constantK ,
we have

Na(¸ ex) = K [I inc (¸ ex) ¡ I p(¸ ex)] (7.2)

Moreover, by the Beer-Lambert law

I p(¸ ex) = I inc (¸ ex)e¡ ®(¸ ex )dex (7.3)

where ®(¸ ex) is the absorption coe±cient of the sample aţ ex and dex is the width of the
central volume (as shown in ¯gure 7.1). Combining equations 7.2 and 7.3 yields

Na(¸ ex) = KI inc (¸ ex)[1 ¡ e¡ ®(¸ ex )dex ] (7.4)

Consider now the photons that are emitted from the excitationvolume. If we de¯neI e

to be the total intensity emitted from the excitation volume (in all directions), then I d (the
fraction of I e that is detected) will be proportional to I e. The proportionality constant C (as
de¯ned in equation 7.5) will be less than one and dependant onlyon the system geometry
and the detector sensitivity, not on¸ ex or ¸ em. Thus,

Ne(¸ ex; ¸ em) =
KI d(¸ ex; ¸ em)

C
(7.5)

The speci¯c quantum yield is then given by (combining equations 7.1, 7.4 and 7.5)

Q (¸ ex; ¸ em) =
I ¤

d (¸ ex; ¸ em)
C (1 ¡ e¡ ®(¸ ex )dex )

(7.6)

Here, I d=I inc has been replaced withI ¤
d , re°ecting the fact that raw emission intensity data

recorded by the spectrometer will have been pre-corrected for variations in lamp intensity.
Also, in order to account for probe attenuation and emission re-absorption within the sample,
a correction has been applied to the raw spectra (as described in chapter 6) prior to the
determination of the quantum yield. The value typically reported as the quantum yield
(the`traditional' quantum yield, ©) will then be the integral of equation 7.6 over all emission
wavelengths,

© (¸ ex) =
1
C

R
I ¤

d (¸ ex; ¸ em) d¸ em

1 ¡ e¡ ®(¸ 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 determine this factor, we can measure the
absorbance and emission spectra of a standard with a known quantumyield ©st . Then a
simple rearrangement of equation 7.7 yields

1
C

=
©st

¡
1 ¡ e¡ ®st (¸ ex )dex

¢
(nsample )2

R
I ¤

d;st (¸ ex; ¸ em) d¸ em (nst )
2 (7.8)

wherensample and nst are the refractive indices of the sample and reference standard, respec-
tively. In our study, these values were the same. The above equations for the quantum yield
are equivalent to standard methods provided in the literature [245]. Note that typically,
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Figure 7.2 : Integrated emission as a function of absorption coe±cient (®) for 30 quinine sul-
phate solutions (concentrations 1£ 10¡ 6 to 1£ 10¡ 4M in H 2SO4). dex (length of excitation volume)
assumed to be 0.1 cm (¯gure from [48]). Vertical axis is in counts per second.

the ratio of integrated emission to absorption coe±cient is used for determining gradients
to calculate the radiative yield, whereas the present discussion uses the ratio of integrated
emission to 1¡ e¡ ®d, as shown in ¯gure 7.2. The former ratio is based upon the approxima-
tion e¡ ®d = 1 ¡ ®d, which is not valid for studies such as ours in which the sample (melanin)
has large absorption coe±cient values. For more precise results, we have measured the ab-
sorbance and emission of the standard solution for a wide variety of concentrations and
plotted the expression in equation 7.8 (¯gure 7.2). 1=C 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 oxidation of tyrosine was purchased from
Sigma-Aldrich (Sydney, Australia) and was treated by acid precipitation in order to remove
small molecular weight components, following the method of Felix et al. [150]. Brie°y,
dopamelanin (0:0020 g) was mixed in 40 mL high-purity 18:2 M­ milliQ de-ionized water
and 0:5 M hydrochloric acid was added to bring the pH to 2. Solutionswere centrifuged
and the black precipitates were repeatedly washed in 0:01M hydrochloric acid and then de-
ionized water. A 0:0050% solution (by weight) of the remaining precipitate was prepared in
de-ionized water. To aid solubility, the solution was adjustedto pH 10 using NaOH (as in
previous chapters). Given that high pH also enhances polymerization [246], this adjustment
also ensured that the presence of any residual monomers or small oligomers in the solution
was minimized. A pale brown, apparently continuous solutionwas produced. Quinine sul-
phate (Sigma-Aldrich) was used without further puri¯cation at 30 di®erent concentrations
(1 £ 10¡ 6 to 1 £ 10¡ 4M in 1 N H2SO4 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 eumelanin (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 described insection 4.3.2. Fluores-
cence emission spectra for eumelanin and quinine sulphate were recorded in a very similar
manner to that described in section 6.3.3 with an integration time of 0.5 s. Matrix scan-
ning software allowed excitation and emission intervals of 1 nm. All emission spectra were
corrected for re-absorption and inner ¯lter e®ects using the method outlined in chapter 6.
Quantum yields were calculated using the method outlined above with standard values [247].
Since the quantum yield of quinine is temperature dependent, the ambient temperature sur-
rounding the cuvette was measured to be 35±C, resulting in a 2:5% shift from the published
value of 0.546.

7.5 Results and discussion

Figure 7.3 shows the measured °uorescence map for synthetic eumelanin as a three dimen-
sional projection, and as a contour map. As was reported for theemission spectra in chapter
6, a narrow peak was observed in the raw emission spectra due to Raman scattering from
the solvent (water). This peak was completely removed by the re-absorption and inner ¯lter
correction process (which includes subtraction of background emission from the solvent),
showing again that the correction process described in chapter6 was accurate. First and
second order Rayleigh scattering peaks were also observed in theemission spectra, and were
removed manually (due to their high intensity relative to eumelanin emission these peaks
saturated the detectors and hence could not be removed by background subtraction).

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

were performed in water, which has strong absorbance outside ofthis range.
We can identify two distinct regimes in ¯gure 7.3. Firstly, for¸ ex > 310 nm the emission

peak position shows a dependance upon the excitation energy (there is a gradual diagonal
shift in peak position with excitation wavelength). This dependance of the emission spectra
upon the excitation energy was observed previously in chapter6 for 360 nm< ¸ ex < 380
nm; we observe it here over a much larger range of excitation energies (310 nm< ¸ ex <
460 nm). This is depicted as discrete emission spectra in ¯gure 7.4for comparison to earlier
results (emission spectra can be easily extracted from the °uorescence map as vertical cross
sections). We observe the same decrease in peak height and redshifting of the emission with
decreasing excitation wavelength with a low energy cut-o® aswas observed in chapter 6.
As discussed earlier, emission spectra are usually independant of excitation energy, and the
violation of this in this case is indicative of the presence of multiple chemical species. The
emission peak position shifts from̧ em = 435 nm (2.9 eV) to 517 nm (2.4 eV) with excitation
energy change from̧ ex = 310 nm (4.0 eV) to 460 nm (2.7 eV).

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

Note that we do not observe a dual peaked emission spectrum at any excitation energy,
as has been observed in some previous studies [121, 225, 232, 233].

Excitation spectra extracted as horizontal cross sections from the °uorescence map are
shown in ¯gure 7.5. These spectra are in good agreement with those previously reported in
reference [164]. They are multi-peaked, with a main peak at¸ ex = 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 peak constant 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 ¸ em, but not in position (observed for 450 nm (2.8 eV)< ¸ em < 590
nm (2.1 eV)). This could suggest the presence of a species that absorbs strongly at 365 nm
and transfers energy to multiple other species which then giverise to emission at a range of
wavelengths. A secondary peak is also observed at¸ ex = 490 nm for the emission wavelength
range 500 nm (2.5 eV)< ¸ em < 540 nm (2.3 eV).

Typically, excitation spectra (such as those presented in ¯gure 7.5) will be close to the
shape of the absorbance spectrum (higher absorbance at a particular excitation wavelength
typically leads to increased emission). The excitation spectrain ¯gure 7.5 show an increase
towards higher energies in a similar manner to the absorption spectrum (shown in ¯gure
2.3), but it is clear that there is much more structure in these excitation 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 excitation wavelength, at just
three points, in agreement with the data shown here. To probe this further, we measured
the radiative yield of eumelanin as a function of excitationwavelength, as shown in ¯gure
7.6. The solid line shows the traditional quantum yield, here measured as a function of̧ ex,
with values reported previously shown as discrete points for comparison. We show excellent
agreement with the results reported in chapter 6, con¯rming the validity of our method. We
emphasise the very low magnitude of the radiative yield of eumelanin which is of the order
of 10¡ 4 throughout the wavelength range measured. It can be seen that the yield is very
clearly dependant upon the excitation wavelength in a non-trivial way, (it varies by a factor
of 4 over the measured range, 250 nm to 500 nm) which is another indication of the presence
of multiple species in our sample. Peaks in the yield are evident at 3.4 eV and 4.6 eV.

The speci¯c quantum yield map for eumelanin is shown in ¯gure 7.7.This quantity gives
the radiative yield as a function of¸ ex and ¸ em, as outlined in the theory section of this
chapter. It is similar in shape to the °uorescence map, but is now scaled with the absorbance
spectrum such that it gives the probability that a photon absorbed at a particular ¸ ex 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 bars show previously measured quantum
yield values from chapter 6 (¯gure from [48]).

be emitted at eacḩ em. Three peaks are evident at excitation energies of 3.4 eV, 4.6eV and
> 5 eV. Note that the values are very small, the maximum being 5:2 £ 10¡ 6 (0.00052%),
which is in keeping with the previously measured low radiativeyields of eumelanin.

Acid precipitation makes the presence of monomers and small oligomers unlikely, but it
is possible that residual concentrations remain in solution. Monomeric 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 thought to further reduce the radiative
yield through increased electron-phonon coupling. Since the yield of eumelanin is very small
is it possible that it is due to emission from a residual concentration of a monomeric species
or other small molecule, or a collection of dimers and small oligomers with higher concen-
trations, but low radiative yields. We suggest that the¸ ex < 310 nm regime is due to a
residual concentration of a single monomeric species (as suggested by the ¸ em peak being
independant of¸ ex and the relative insensitivity of the radiative yield to ¸ ex). The ¸ ex >
310 nm regime is more likely due to emission from multiple species (higher concentrations
of low yield dimers and small oligomers).

7.6 Chapter conclusions

We have fully characterised the equilibrium spectroscopic properties of synthetic eumelanin
over the UV/visible range, taking re-absorption and inner ¯lter e®ects into careful account.
Two distinct regimes are observed in the °uorescence map:¸ ex > 310 nm (likely due to a
collection of low yield oligomers) anḑ ex < 310 nm (possibly due to a residual concentration
of a single monomeric species with a substantial radiative yield). Clear structure and exci-
tation energy dependance is revealed in both the speci¯c radiative yield and the traditional
radiative yield, indicative of the presence of multiple chemical species in eumelanin.
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Figure 7.7 : Speci¯c quantum yield map for synthetic eumelanin (the fraction of photons ab-
sorbed at each excitation wavelength that are emitted at each emission wavelength). Two peaks
are evident, with limiting values at high and low emissions (̄gure from [48]).
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8
Radiative relaxation in synthetic pheomelanin

8.1 Chapter abstract

We report a detailed spectroscopic study of cysteinyldopa-melanin (CDM), a synthetic ana-
logue of pheomelanin. Although CDM and dopa-melanin (DM, thesynthetic analogue of
eumelanin) have very similar absorption spectra, we ¯nd that they have very di®erent ex-
citation and emission characteristics; CDM has two distinct °uorescence 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 eumelanin). 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 human skin, hair and eyes.
Although it is less predominant than eumelanin, pheomelanin is of signi¯cant interest since is
more closely linked to melanoma skin cancer. 5-S-cysteinyldopa, a precursor of pheomelanin,
is one of the best markers of malignant melanoma, being found in plasma and urine of
melanoma patients in signi¯cant quantities [249]. It has also been shown that pheomelanin
becomes mutagenic after exposure to UV light [250, 251], and ismore photolabile than
eumelanin [252{255]. Pheomelanin is known to produce a variety of photoproducts that
trigger oxidative stress and can cause DNA damage (hydrogen peroxide, superoxide and
hydroxyl radicals) [19, 256] and it has been suggested that thisis why people with red hair
(who have high pheomelanin levels) are more susceptible to skin cancer than those with dark
colouring [16, 257, 258]. Other studies suggest that the ratio of 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]. Stillother studies suggest that
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pheomelanin may be photoprotective or photosensitising depending upon the concentration
of the pigment, and the wavelength of irradiation [251]. There remains great uncertainty as
to the biological functioning of pheomelanin vs eumelanin,making it extremely challenging
to determine their respective roles in photoprotection and the development of melanoma
skin cancer [19].

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

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

We have discussed structural models for eumelanins (in chapter 3), but pheomelanins have
been studied far less extensively and their structure should not be assumed to be identical.
The pheomelanin monomers, benzothiazines, are structurally di®erent to DHI and DHICA
[39], and follow a di®erent synthetic pathway to form pheomelanins, as shown in ¯gure 1.2.
Several benzothiazine dimers have been isolated from natural pheomelanins, con¯rming the
fact that 1,4-benzothiazines are the monomeric species thatform pheomelanin biologically,
and suggesting likely binding sites for the formation of the pheomelanin macromolecule
[264]. These benzothiazine dimers are termed `trichochromes', structures of which are shown
in ¯gure 8.1. Small benzothiazine oligomers have also been obtained from oxidation of
cysteinyldopa under a variety of conditions [265, 266], withstructures as shown in ¯gure 8.2.
Which oligomers are formed sheds light on the way that the benzothiazine monomers might
bind to form the macromolecular structure of pheomelanin [267].

MALDI (matrix assisted laser desorption ionization) mass spectrometry measurements
on hair pheomelanin suggests that it consists mostly of small oligomeric species, rather than
large polymeric structures [268]. As in the case of eumelanin, however, it is possible that
large species escaped detection due to the limitations of thismethod. A variety of other
studies of the chemical structure of pheomelanin have been conducted, including radiotracer
studies and NMR spectroscopy [269{271], and atomic force microscopy imaging of whole
melanosomes (showing the spherical and fragile nature of pheomelanosomes, as described in
an earlier chapter) [85]. Despite these studies, a clear and accurate picture of the primary
and secondary structure of pheomelanin remains even more elusive than 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 extensively than eumelanins
in almost all respects, and spectroscopic analysis is no exception. The absorption spectrum
of pheomelanin is well known to be broadband and exponential(as shown in ¯gure 8.3),
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Figure 8.1 : Structures of trichochromes (benzothiazine dimers) isolated from natural pheome-
lanin (from [267]).

similar to eumelanin. Also similar to eumelanin, pheomelanin °uorescence is reported to be
extremely weak, and signi¯cantly enhanced by oxidative degradation [272]. Emission and
excitation spectra for melanin extracted from the hair of yellow mice were reported in 1978
by Ikejima and Takeuchi; the yellow pigment is believed to bepredominantly pheomelanin.
They measured a multipeaked excitation spectrum with a maximum at 308 nm, and a single
peaked emission spectrum with a maximum at 425 nm (¸ ex = 320 nm). The spectra are
notably di®erent from those measured for melanin extracted from the hair of black mice in
the same manner, suggesting de¯nite di®erences between the spectroscopic properties of the
two pigments. Additionally, Olivecrona and Rorsman observed in1966 that melanocytes
from red hair °uoresce more strongly than those from black hair [273], perhaps suggesting
that pheomelanin has a greater radiative yield than eumelanin (which we con¯rm in this
chapter).

There have been several studies of the ultrafast absorption dynamics and energy transfer
of pheomelanins, revealing that they have very short decay lifetimes [274{277]. Similar to
eumelanin, it has been shown that pheomelanin does not exhibit complete ground state
recovery after photoexcitation, suggesting that it might form long-lived intermediates [276].
It has also been proposed that the ratio of absorbances at 650 nm and 500 nm can be used as
a non-invasive indicator of the relative amounts of eumelanin and pheomelanin in solution,
due to the distinct di®erences in their spectra [278]. Otherwise, the bulk of the spectroscopic
literature has focused on eumelanins, rather than their more photoactive counterpart, the
pheomelanins.

In this chapter we present accurate °uorescence spectra for pheomelanin that have been
corrected for re-absorption and inner ¯lter e®ects using the method outlined in chapter 6.
The use of this method has also allowed us to accurately measure the radiative quantum
yield of pheomelanin, we believe for the ¯rst time. We have used cysteinyldopa-melanin
(CDM) and dopa-melanin (synthetic eumelanin) as synthetic analogues 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 mixture of L-dopa and L-
cysteine in the ratio 1 : 1:5, as described fully in reference [280]. The powder was diluted to a
range of concentrations (0:001% to 0:005% 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, apparently continuous dispersions
were produced. Between measurements solutions were stored in darkness at 4±C. Synthetic
eumelanin solutions were prepared as described in section 4.3.1. Fluorescein solutions (for
use as a radiative quantum yield standard) were prepared as described in section 6.3.1 at
¯ve di®erent concentrations (1£ 10¡ 5% to 4£ 10¡ 5% 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 as described in section 6.3.3
with an integration time of 0.5 s. All spectra were corrected forre-absorption and inner-
¯lter e®ects using the method outlined in chapter 6. Quantum yields 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 after 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 24days; initial and ¯nal
absorption spectra are shown in ¯gure 8.3. Initially, small peakswere observed at approxi-
mately 240 nm and 330 nm; these decreased gradually over a period of 10 days, after which
time very little change in the spectrum was observed. At the ¯naltime-point the CDM
absorbance spectrum was characteristically broadband, like eumelanin, increasing monoton-
ically towards higher energies. The peaks found in the initial spectrum were attributed to
small amounts of precursors (potentially benzothiazine or cysteinyldopa units) which even-
tually polymerised.

Figure 8.4 compares the absorption spectra of CDM and eumelanin. Both increase
monotonically towards higher energies, although CDM does so more steeply. Since the
cysteinyldopa monomer has fewer crosslinking sites than eitherDHI or DHICA (the eu-
melanin monomers) it might be expected that CDM is structurally less disordered than
eumelanin. Possibly, then, there are fewer oligomers with absorbances in the visible range,
giving a steeper absorbance curve. Both spectra are extremely close to exponential in shape
in wavelength space. Fit parameters are shown in table 8.1, with ¯tting to the expression

A = k0 + k1e¡ k2 ¸ (8.1)
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Figure 8.4 : Comparison of the absorbance spectrum for CDM (at 10 days) (solid line) and
eumelanin (dotted line). The curves show sign¯cantly di®erent shapes, although both are broad-
band and almost entirely featureless. Spectra have been scaled for shape comparison. Both are
exponential, ¯tting parameters of which are shown in table 8.1.

k0 (dimensionless) k1 (dimensionless) k2 (nm¡ 1)
CDM 0.0013 4.19 0.0092

eumelanin -0.0073 1.98 0.0061

Table 8.1: Fit parameters for melanin absorbance spectra (shown in ¯gure 8.4), as de¯ned
in equation 8.1. Both solutions were at a concentration of 0:001% by weight, with a 1 cm
absorption path length. CDM values are taken at 10 days, when the solution had stabilised.

8.4.2 Emission

The CDM emission spectrum exhibits two clearly resolved gaussian peaks that do not shift
over time, or with changes in excitation wavelength, as shownin ¯gure 8.5. The two peaks,
occuring consistently at 2:27§ 0:08 eV (548 nm) and 2:72§ 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 spectra1 according to the equation

I = N1e¡ [(E ¡ E1 )=D1 ]2 + N2e¡ [(E ¡ E2 )=D2 ]2 + A (8.2)

All ¯ts to a simple two gaussian model were excellent; a representative 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 wavelength is a signi¯cant
di®erence between pheomelanin and eumelanin; recall from chapter 6 that the eumelanin
emission spectrum consisted of a single peak that showed a consistent migration to lower

1As stated in an earlier section, all ¯tting has been performed in energy space (E) 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 (0:001% 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 observed. The small peak evident at
approximately 400 nm in some spectra is a remnant of the Ramanscattering peak that was not
completely removed by background subtraction due to lamp intensity °uctuations.

time ¸ excitation E1 (eV) E2 (eV) N1 (cps) N2 (cps) D1 (eV ¡ 1 ) D2 (eV ¡ 1 ) 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. Parameters 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 representative of all spectra. Open circles:
experimental data, solid line: ¯t, dotted line: peaks 1 and 2.

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

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

Figure 8.7 : Fluorescence of CDM (stabilised at 10 days, solid line) andeumelanin (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 over time (parameters
N1 and N2 as de¯ned in equation 8.2, and listed in table 8.2). Solid line: ¸ ex = 350 nm, dotted
line: ¸ ex = 380 nm, dashed line: ¸ ex = 410 nm.

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

As for the absorbance spectrum, we believe that the changes observed in the emission
spectrum over time are due to a combination of high pH-induced polymerisation of remnant
low molecular weight precursors and pheomelanin autooxidation (which is known to increase
°uorescence [237]). However, we do not believe this process to bedominated by oxidation,
since this would also result in increased absorbance at long wavelengths (which is not ob-
served). This suggests that we are mainly observing a polymerisation reaction. The relative
heights of the two peaks determined from the gaussian ¯tting (N1 and N2, listed in table
8.2) have been plotted in ¯gure 8.8. Over time we see that the higher energy peak (at 458
nm) increases in intensity, and then appears to stabilise (except when excited at 350 nm),
whereas the lower energy peak (at 548 nm) increases initially, then decreases. This suggests
that the concentrations of the two sub-populations of oligomers responsible for these peaks
are changing over time as the CDM polymerises. Possibly, the lower energy peak is due to a
small oligomeric species that increases in concentration initially, then gradually polymerises
into larger units (which potentially give rise to the higher energy peak).

8.4.3 Excitation

Figure 8.9 shows °uorescence excitation data for CDM. These spectra were measured after
the CDM had stabilised (at 10 days), and have been fully corrected for re-absorption and
inner ¯lter e®ects. The detection wavelengths (465 nm and 550 nm) were selected since they
are close to the positions of the two peaks observed in the °uorescence spectra. We can
see that the higher energy peak (at 458 nm) will show maximum emission when excited at
approximately 380 nm. The lower energy peak (at 548 nm) will show maximum emission
when excited at approximately 395 nm. As discussed in the previous chapter, the °uorescence
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Figure 8.9 : Fluorescence excitation of CDM solution (0:001% by weight) after 10 days. Solid
line: ¸ em = 465 nm, dashed line: ¸ em = 550 nm.

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

8.4.4 Radiative quantum yield

The use of the re-absorption correction method outlined in chapter 6 allowed accurate mea-
surement of the radiative quantum yield of CDM, shown in ¯gure 8.10. The yield was
monitored for a period of 24 days. Note that as for eumelanin theyield is extremely small,
approximately 0:2%. This means that 99:8% of the energy absorbed by CDM is dissipated
via non-radiative pathways. Calorimetry measurements for pheomelanins would allow a
distinction between the various non-radiative pathways. We see that over time the yield
initially increased, and appears to have stabilised after the ¯rst 10 days, with some minor
°uctuations. The stabilised quantum yield values at each excitation wavelength are shown
in table 8.3. It is surprising that the yield increased over time, since we suspect that the
concentration of small monomeric and oligomeric species was reducing over this time, and
these species are known to have higher radiative yields [161].Additionally, this result is in-
consistent with the results reported in chapter 10 (as DHICA polymerises to form eumelanin
the yield decreases substantially). This ¯nding should be explored further.

It is clear that like eumelanin, the radiative quantum yieldof CDM is dependant upon
the excitation wavelength [245], suggestive of chemical heterogeneity. It is interesting to
note that the yields when excited at 380 nm and 410 nm are very similar at all time points,
but the yield at 350 nm is always signi¯cantly lower. This is because the consistently higher
absorption at 350 nm is not re°ected in an increase in °uorescence when 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: ¸ ex = 350 nm, dotted line:
¸ ex = 380 nm, dashed line: ¸ ex = 410 nm.

¸ ex (nm) radiative quantum yield (%)
350 0.143§ 0.008
380 0.19§ 0.01
410 0.19§ 0.01

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

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

Figure 8.11 compares the radiative yield of CDM to that previously 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 the fact that eumelanin is known
to be a better photoprotectant than pheomelanin. Since relaxation via phonon modes occurs
on a signi¯cantly shorter timescale than °uorescence (picoseconds,rather than nanoseconds
[245]), a larger number of CDM oligomers will remain exciteduntil relaxing radiatively, po-
tentially related to pheomelanin's higher photoreactivity. We also see that the yield for CDM
follows a di®erent trend with excitation wavelength to that for eumelanin, indicating that
although these two molecules are very similar in many ways, theydo have di®erent energy
dissipation behaviour.
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Figure 8.11 : The quantum yield of CDM (at 10 days, solid line) and eumelanin (from chapter
6, dashed line).

8.5 Chapter conclusions

In this chapter we present a quantitative study of the emission and excitation properties
of CDM, a synthetic analogue of pheomelanin. We ¯nd that the spectra are fundamentally
di®erent to those for eumelanin, having two distinct broad peaks which do not shift with
excitation wavelength. We have also accurately measured radiative quantum yields for CDM,
showing that although the yield is twice that of eumelanin, it is extremely low (0:2%),
consistent with pheomelanin's role as a primary photoprotectant.
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5,6-dihydroxyindole-2-carboxylic acid
(DHICA), a key eumelanin monomer

9.1 Chapter abstract

We report accurate, quantitative spectroscopic measurementsfor 5,6-dihydroxyindole-2-
carboxylic acid (DHICA), a key eumelanin monomer. The DHICA extinction coe±cient
shows two peaks at 3.8 eV and 4.2 eV, consistent with previous studies. The excitation
spectrum shows peaks in identical locations but with di®erent relative heights, suggesting
unusual excitation energy dependance in the radiative quantum yield. Emission spectra
have a single gaussian peak at 3.1eV that is independant of excitation energy which suggests
radiative emission occurs from a single electronic state in thissystem. The absence of a
second peak in the emission spectrum causes violation of the mirror-image symmetry rule,
which we propose is due to convergent adiabatic and nonadiabatic excited-state intramolec-
ular proton-transfer (ESIPT) processes. This suggests that intramonomer proton transfer
may contribute to energy dissipation in eumelanin.

9.2 Chapter introduction

Interest in DHICA has predominantly stemmed from its role as a monomer in the macro-
molecular eumelanin pigment. Eumelanin is di±cult to study and model accurately due to its
extreme heterogeneity, but the eumelanin monomers (DHI and DHICA) o®er a much more
controlled and easily characterised system. It is hoped that by studying and understanding
the electronic, structural and physical properties of the monomers we may extrapolate to
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(DHICA), a key eumelanin monomer

dimers and larger oligomers, and eventually to the eumelaninmacromolecule.

It has also been suggested that the monomers may actually have biological functionality
themselves, apart from their involvement in eumelanin pigment. DHI and DHICA are found
in signi¯cant amounts in epidermal tissue and body °uids [105], and DHI, DHICA and the
eumelanin macromolecule have all been shown to have excellent hydrogen donor activity (and
therefore antioxidant activity), with both precursors being more e±cient than eumelanin
[188]. This suggests that photoprotection by eumelanin may also involve scavenging of
free radicals (produced by UV exposure) by the monomeric precursors [105, 158, 281{283].
Conversely, it has also been proposed that the eumelanin precursors may be involved in
the paradoxical cytotoxic e®ects of melanin [214, 281, 282, 284, 285]; DHI in particular is
known to exhibit potent cytotoxicity [286], and it has been shown that DHICA can induce
DNA strand breaks with UVA irradiation via a mechanism involvingreactive oxygen species
[287]. The paradoxical `photosensitising vs photoprotecting' action of DHICA is a fascinating
property of this system [288]. Additionally, it has even been suggested that DHICA functions
as a chemical messenger mediating interaction between activemelanocytes and macrophages
in epidermal in°ammatory and immune responses [289]. Hence the eumelanin precursors
(DHI and DHICA) are themselves interesting subjects of study.

There is a limited amount of spectroscopic data available for DHI and DHICA. DHI
absorbance is double peaked with maximum absorbance at 296 nm and a shoulder at 270
nm (in deaerated water) [188, 214, 290, 291]. DHICA also has a double peaked spectrum
with a main peak at 323 nm and a shoulder at 300 nm (in pH 9 water) [76, 188, 214,
287, 291]. The red-shifting of the DHICA peaks relative to DHI isthought to be due to
increased delocalisation over the carboxyl group [188]. Bothspecies are known to exhibit
blue °uorescence [188, 291] and Zhang et al. report excitationmaxima at 330 nm for DHI and
345 nm for DHICA (monitoring °uorescence at 420 nm). We were unable to ¯nd published
emission maxima, emission or excitation spectra or radiative quantum yield values. Radiative
emission is known to be a signi¯cant de-excitation pathway for DHICA, so it is surprising
that there is not more literature about its emission properties. This highlights the need for
an accurate quantitative study of the spectroscopic properties of the eumelanin precursors.

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

all the possible DHICA monoanions shown in ¯gure 9.1 to be possibly present in solution
(consideration of dianions is not necessary since we are below the second macroscopic pK a,
so the ratio of dianions to monoanions should be small) [50].

Quantum chemical study of eumelanin precursors has focused more on DHI than DHICA
since it is a smaller and simpler molecule which favours computational analysis. Density
functional theory (DFT) has been used extensively to model DHI [64, 78, 79], and recently
also the approximated singles-and-doubles coupled-cluster method [294]. Where larger eu-
melanin oligomers are concerned, almost all calculations have involved oligomers of DHI
only (DHICA has not been considered); Galvao and Caldas considered only DHI in their
landmark Huckel analysis of eumelanin [61{63], as have authors of DFT studies of eumelanin
oligomers [73{75, 80, 82]. While these studies form an excellent ¯rst level of modelling, we
believe that it is important to consider the unique characteristics of DHICA in this system.
The two eumelanin precursors are known to have di®erent properties, so conclusions about
the electronic properties of DHI should not be extended necessarily to DHICA, and this
important species should be considered seperately. DHICA should also be considered in
any modelling of the whole pigment system; DHICA is known to forman important part of
natural eumelanin, and in some cases ful¯lls an integral role. For example, the proportion of
DHICA-derived units in the pigment of some rodents is as high as 98%, and eumelanin found
in the eye of the cat¯sh is known to consist of pure DHICA-melanin [83] (care is required
in this interpretation however, since degradation processes are known to produce carboxylic
acid units even in pure DHI-melanin which may confuse some experimental results [295]).
The DHICA carboxyl groups are believed to signi¯cantly alter the properties of the pig-
ment [296]; pure DHI and DHICA pigments have been shown to have measurably di®erent
properties, including di®erent colours (DHICA eumelanin is brown whereas DHI eumelanin
is black) [104]. Therefore we believe that it is important toconsider the role of DHICA in
eumelanin.

To our knowledge, there are only two pre-existing quantum chemical studies of DHICA.
The properties of isolated DHICA in vacuo were studied via DFT in2005 by Powell [77]; this
study con¯rmed that the carboxylation has a signi¯cant e®ect on the molecular properties
such as the excitation energy. This study was later extended toDHICA dimers, showing
that dimerisation red-shifts excitation energies [76]. The vibrational properties of DHICA
have also been studied via DFT by Okuda et al. in a very recent publication; this shall be
discussed in detail in chapter 11 [297].

We report here a comprehensive analysis of the spectroscopic properties of DHICA for
two reasons; ¯rstly because DHICA is much less well studied than DHI andwe seek to
investigate the properties of this second monomer, and secondly because DHICA is much
more stable than DHI in solution. Several studies agree that while DHI is very susceptible to
air oxidation and rapidly reacts to form eumelanin pigment,DHICA is more stable in solution
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(at alkaline pHs it may take minutes or hours to oxidise, and at acidic pHs it is entirely stable)
[214, 292, 298]. The relative stability of DHICA in solution allows measurements that may
take some time to be performed accurately on the pure system (suchas the determination
of the radiative quantum yield). These accurate spectroscopicresults, available for the
¯rst time, have led to very comprehensive and sophisticated quantum 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 followed [299]. DL-DOPA
was purchased from Sigma, and all the other reagents were commercially available and used
as such. DL-DOPA (1 g, 5 mmol) was stirred in water (500 mL). In ¯veminutes, a solution of
K3[Fe(CN)6] (6.6 g, 20 mmol) in 60 mL water was added. A wine-red solution was obtained
which was mixed with 70 mL of 1 M NaOH solution to raise the pH to 13.The solution was
stirred under argon for 20 mins, acidi¯ed to pH2 with 6 M HCl (» 17 mL), and extracted
with ethyl acetate (3£ 100 mL). The combined organic extracts were ¯ltered, and the pale
brown ¯ltrate was washed ¯rst with brine (100 mL) containing 0.19g (1 mmol) Na2S2O5,
then with brine (2£ 200 mL), and dried (anhy. Na2SO4). Evaporation of solvent resulted in
1 g of pale brown solid, which was dissolved in a minimum amount ofacetone by warming.
Addition of hexane gave initially a brown oil which was discarded. The supernatant solution
was transferred into a clean beaker and the addition of hexanecontinued when 5,6-DHICA
separated as a white material. Filtration provided 264 mg (27%) of the compound compound
which was pure by TLC (5% EtOH - CHCl3) and NMR spectroscopy, as described below.

9.3.2 Sample characterisation
1H NMR and 13C NMR (500 and 125.758 MHz respectively) spectra were recorded on a
Bruker Digital NMR, Avance - 500 spectrometer in d6-DMSO. Splitting patterns are desig-
nated as: s, singlet, br, broad, m, multiplet. Results were as follows:

1H NMR (d 6-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). Lit2 (d6-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); 6.76 (s, H-7).

13C NMR: (d6-DMSO): ± = 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). Lit2: (d6-DMSO) ±= 162.9 (COOH),
146.3(C-5), 142.2 (C-6), 132.8 (C-8), 125.9 (C-2), 120.1 (C-9), 107.3 (C-4), 105.1 (C-3), 97.1
(C-7).

An EI Mass Spectrum was recorded on a Kratos MS25 RFA via direct insertion probe
at 70 eV and source temperature of 200±C. Results were as follows: m/z (%): 193 (M+ , 34),
175 (M+ - H2O, 33), 149 (M+ - CO2, 48), 121 (5), 103 (15), 44 (CO2, 100). Lit2: m/z (%)
= 193 (99), 175 (100), 149 (12), 148 (5), 147 (45), 146 (5), 121(9), 119 (8), 101 (5), 63 (8),
43 (12).
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An infrared spectrum (IR) was recorded on a Perkin Elmer Spectrum 2000 FT-IR spec-
trometer. Group frequencies in cm¡ 1 were as follows: 3411 (s, NH), 3244 (s, broad, OH),
1658 (ss, C=O), 1525 (s), 1437 (w) 1339 (w), 1221 (ss), 1161(ss), 871 (s), 770 (s), 609 (s).

9.3.3 Optical spectroscopy

For optical spectroscopy measurements the DHICA was solubilised in a pH 9 borax bu®er
solution (80 ml of 0.05 M borax with 20 ml of 0.2 M boric acid [300]). Sonication for ten
minutes ensured complete solubilisation. Five DHICA concentrations between 0:7 £ 10¡ 5

mol L¡ 1 and 2:2 £ 10¡ 5 mol L¡ 1 were used (for the purpose of determining the radiative
quantum yield).

Absorbance spectra were recorded as described in section 4.3.2 with 2 nm bandpass
slit widths. Emission spectra were recorded as described in section6.3.3 with excitation
wavelengths of 323 nm, 350 nm and 380 nm, excitation and emission slits set to 2 nm
bandpass, and an integration time of 0.5 s. Excitation spectra were recorded with identical
instrument parameters and a detection wavelength of 400 nm. Solvent backgrounds were
recorded and subtracted after a re-absorption correction wasapplied, as described in chapter
6.

Radiative relaxation quantum yields at three excitation wavelengths (323 nm, 350 nm
and 380 nm) were calculated using the standard procedure outlined in section 6.3.5. Quinine
sulfate was used as a standard, in 0.1 M H2SO4, at ¯ve concentrations between 1£ 10¡ 5 and
5£ 10¡ 5 mol L¡ 1 (literature quantum yield of 0.54 [301]). Corrections for re-absorption and
inner ¯lter e®ects were applied throughout.

9.4 Results and discussion

9.4.1 Extinction coe±cient

The measured absorbance peaks of DHICA shown in ¯gure 9.2 ¯t well to gaussians (in energy
space1) with peaks at 3.8 eV (323 nm), 4.2 eV (300 nm) and 6.2 eV (200 nm). The extinction
coe±cient agrees well with that previously published by Zhang et al. [188], both in shape
and intensity. Di®erences may be attributed to the di®erent solvents used (borax bu®er,
compared with wet acetonitrile as used by Zhang et al.). The peaks are notably more clearly
resolved in this study, which highlights the signi¯cant e®ect that the solvent can have upon
the spectroscopic properties of DHICA. Very recent experimentswithin our group suggest
that the borax bu®er may form a complex with the DHICA catecholate groups which inhibits
polymerisation and causes the observed di®erences in absorbancebetween 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 of the results reported in this
chapter. We have included the most up to date information thatwas available at the time
of submission of this thesis, but we direct the interested reader tosubsequent publications
for further results.

1As stated earlier, all curve ¯tting 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 coe±cient 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 attributed to the 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 DHICA,eumelanin, and other
organic molecules for comparison.

9.4.2 Emission spectra

Emission spectra of DHICA are a single gaussian (in energy), centered at 3.1 eV (400 nm),
regardless of excitation energy (¯gure 9.3). Table 9.1 compares the properties of the emission
peak of DHICA with that of other molecules that show a single peaked emission spectrum.
The DHICA spectrum is broad, although not unusually so. DHICA has asimilarly shaped
emission spectrum to eumelanin (re°ected in the similar FWHM), themain 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 energy strongly suggests that all
emission occurs from one energy level, higher energy absorption being dissipated via non-
radiative processes to that state. This is a very signi¯cant ¯nding, and should be investigated
over a larger range of excitation energies.

As seen from ¯gure 9.4, DHICA exhibits a typical Stokes shift of 0.72 eV. More unusually,
DHICA also exhibits violation of the mirror image rule. It is predicted for simple organic
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Figure 9.3 : Emission spectra of DHICA for various excitation wavelengths, scaled for qualitative
comparison (note that the emission intensities varied by a factor of 100 due to the variation in
absorbance at each excitation wavelength). Solid line:̧ ex = 323 nm, dotted line: ¸ ex = 350 nm,
dashed line: ¸ ex = 380 nm.

Figure 9.4 : Scaled absorption / energy (blue, right peak) and emission/ energy3 (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 emissionspectrum and the larger FWHM of
the emission.

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

9.4.3 Theoretical calculations

These accurate quantitative spectroscopic measurements have allowed comparison to sophis-
ticated quantum chemical calculations [50] which are outlined brie°y here. As discussed in
the introduction to this chapter, the monoanions shown in ¯gure 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 obervations(from [50])

structures to be present in solution at pH 9 (based on the known pK a'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 absence of excitation.S0 ! S1

and S0 ! S2 transition energies in the ground and excited states were calculated for all three
monoanions via sophisticated quantum chemical methods. These values and the known ten-
dancies of each quantum chemical method to underestimate or overestimate energies by
various amounts were then compared to the experimental excitation and emission energies.
Based on these results, it was proposed that the scenario outlined in ¯gure 9.5 is the most
consistent with our experimental measurements and quantum chemical calculations on this
system. Within this model,CT-1 is the main absorbing species, with anS0 ! S1 absorbance
at 3.8 eV and anS0 ! S2 absorbance at 4.2 eV. These states then decay via excited state
intramolecular proton transfer (ESIPT) processes to theS1 state of CT-2 (adiabatically
from S1 and non-adiabatically from S2). The S1 state of CT-2 then decays via radiative
emission to itsS0 state (3.1 eV), which then undergoes the reverse reaction to form ground
state CT-1 once again.

This model explains the mirror image violation of DHICA spectra, and gives a novel
insight into possible non-radiative de-excitation pathways for eumelanin (which are known
to be of critical signi¯cance). For more details of the calculations, please refer to the pub-
lication (reference [50]). Further work is underway to con¯rm 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 chelating interactions with the DHICA
catecholate group).

9.4.4 Excitation spectra

The excitation spectrum of DHICA, as shown in ¯gure 9.6, reveals two gaussian peaks (in
energy space), centered at 3.8 eV (323 nm) and 4.2 eV (300 nm). Interestingly, Zhang et
al. report the excitation maximum for DHICA to be at 345 nm, when monitoring emission
at 420 nm [188], which is quite di®erent to our result. We believe this is likely due to
di®erences in solvent (Zhang et al. used wet acetonitrile), highlighting again the signi¯cance
of the solvent e®ects upon absorption and emission properties. An alternative explanation
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Figure 9.6 : Comparison of the DHICA absorbance spectrum (right axis, dotted 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 relative shapes. ¸ em = 400 nm.

is that this discrepancy is due to the di®erent probe wavelengths used (420 nm rather than
400 nm as used here); emission from multiple species may mean we are measuring a di®erent
emission peak. Our emission spectra results (¯gure 9.3) make this seem unlikely, however,
since we observe the identical emission spectrum shape regardless of excitation wavelength.
This suggests that we are observing emission from a single electronic level of a single species.
To resolve this issue we recommend as future work the measurementof a 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 absorbance spectrum (also
shown in ¯gure 9.6), which also has two peaks of similar relative heights occuring at the
same energies. The peak at 4.2 eV shows an increased intensity (relative to the 3.8 eV peak)
in the excitation spectrum. Because the emission peak appears tobe at 400 nm regardless of
excitation wavelength, this di®erence between the absorbance and excitation spectra suggests
an excitation energy dependance in the radiative quantum yield of DHICA. Based on these
spectra, we propose that the radiative quantum yield for excitation 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: 323 nm (maximum
absorbance), 350 nm (absorbance is small) and 380 nm (absorbanceis negligible). Figure
9.7 shows the linear regression that was used for determination of the quantum yield at 323
nm. Note that it was necessary to correct for reabsorption and inner ¯lter e®ects to recover
the linear relationship of the data [47, 163]. After correction the points are linear and the
regression passes through the origin, con¯rming the good qualityof our data.
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Figure 9.7 : Integrated emission vs absorption coe±cient for ¯ve concentrations of DHICA
excited at 323 nm. The gradient of the linear regression shown 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 excitation wavelength, as
shown in ¯gure 9.8. This is highly unusual for a simple well behaved molecule such as DHICA.
We believe that in this case it is due to uncertainty in the absorbance measurement at 380 nm.
With the very low absorbance at this wavelength e®ects such as minor scattering and initial
polymerisation of the pigment have become signi¯cant and have caused an overestimate of
the absorbance. This has led to a signi¯cant underestimation of the radiative yield at that
wavelength. We caution that future measurements of the radiative yield of these systems
should be performed where absorbance is substantial.

The yield measurements at 323 nm and 350 nm are thought to be reliable, and these are
within error of each other, giving the yield of DHICA to be approximately 60%. Examina-
tion of the excitation spectrum indicates that both of these measurements are probing the
adiabatic CT-1 S1 ! CT-2 S1 transition, and hence would be expected to have the same
radiative yield (since they probe the same process). A measurement of the yield at 4.2 eV
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would be instructive to determine whether the discrepancy between the excitation spectrum
and the absorption spectrum is in fact due to energy dependancein the radiative yield, and
to probe the non-adiabaticCT-1 S2 ! CT-2 S1 transition.

A radiative quantum yield of 60% for DHICA is typical of a molecule of this nature,
and is consistent with our expectations. Note that the yield of DHICA is much higher than
that of eumelanin, which has been determined to be less than 0:1% (see chapter 6). This
suggests that covalent bonding of the eumelanin monomers signi¯cantly lowers the radiative
yield of these species; this is consistent with other experimental observations within our
group, and further work measuring the spectroscopic properties of eumelanin dimers and
larger oligomers is underway to con¯rm this hypothesis. The following chapter reports how
the radiative yield changes as DHICA polymerises to form eumelanin, to probe this process
further.

9.5 Chapter conclusions

We have made the ¯rst comprehensive quantitative study of the UV/vis spectroscopic prop-
erties of DHICA, and based on these observations and sophisticated quantum chemical
calculations proposed a scheme for the radiative and non-radiative processes in DHICA.
This study forms an essential basis for further study comparing the properties of eumelanin
monomers, dimers and oligomers, leading towards an understanding of how they contribute
to the structure and energetics of eumelanin. These accurate,quantitative spectroscopic
measurements of this fundamental component of eumelanin highlight the importance of this
spectroscopic study and lead the way for more substantial studies. Speci¯cally, we propose
that more work to characterise the pH dependant properties ofDHICA would be worthwhile,
and would allow con¯rmation of the theoretical model proposed. Additionally, an accurate
radiative quantum yield measurement at the 4.2 eV DHICA absorbance 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 to form eumelanin. The
extinction coe±cient was observed to form the broadband eumelanin spectrum, and the
radiative emission decreased gradually to the very low values previously measured for eume-
lanin. Signi¯cantly, the shape of the emission spectrum did not change over time, indicating
that DHICA was the only °uorescencent species in the solution withan appreciable radiative
quantum yield. This allowed us to determine the percentage of DHICA remaining in solution
at each timepoint. It also indicates that DHICA dimers and larger oligomers have very low
radiative quantum yields. Emission and excitation spectra at the ¯nal timepoint were in
good agreement with those previously measured for eumelanin, and show the same depen-
dance upon excitation energy. The radiative quantum yield was measured over time, and
observed to decrease gradually until it reached the very low value characteristic of eumelanin.
These results are consistent with the chemical disorder structural model of eumelanin.

10.2 Chapter introduction

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

Both DHI and DHICA are also known to be photolabile. DHI is more reactive to UV
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illumination than DHICA; the quantum yields for photodestruction by 300 nm photons has
been shown to be © = 4:9 § 0:8% for DHI and © = 3:3 § 0:3% for DHICA [214]. One
could argue that photoinitiation of polymerisation is not biologically relevant since melanin
synthesis occurs in melanocytes which are relatively deep in the skin and hence would not
be expected to be exposed to substantial levels of UV radiation. It is believed, however,
that in vivo only the initial oxidation of dopa is under enzymatic control, so the initiation of
later steps via other means (such as chemical stimulation of later intermediates) should be
biologically relevant [303]. The use of enzymatic polymerisation in vitro is prohibited by the
extremely slow rate-determining steps involved. Note also thatdopaquinone (in addition to
cyclodopa and cysteinyldopa) plays an important role in promoting oxidation of DHI [84].

Several recent studies report absorption spectra as DHI and DHICApolymerise to form
eumelanin. Charkoudian and Franz observed the oxidation of DHI in air at pH 9 and
showed a substantial increase in oscillator strength over time [292]. This is a surprising
result, completely at odds with our ¯ndings in chapter 5. They also described the formation
of a precipitate over time, so we suspect that they were instead simply observing an increase
in scattering from their solutions. Scattering intensity is dependant upon the particle radius
to the sixth power (as described in chapter 4), so even a small increase in aggregation will
lead to a substantial increase in optical density. A similar study by Tran et al. on the
absorption spectrum of DHICA as it polymerises to form eumelaninis more consistent with
our ¯ndings in chapter 5. These authors do not calculate oscillator strengths, but it is clear
from the reported spectra that it does not increase substantially over time [76].

UV-visible di®erence spectra for DHI and DHICA have both been shown toexhibit
isosbestic points, suggesting initial photoconversion into a single photoproduct [214]. For
DHICA, these intermediates were stable for minutes to hours, whereas for DHI they poly-
merised further much more rapidly. This intermediate is likely to be a particular dimer,
although it has not been isolated or characterised thus far. The work reported in this chap-
ter aims to quantitatively observe the spectroscopic changes that occur as DHICA forms
macromolecular eumelanin1, to perhaps ¯nd clues as to the intermediates that are formed
during this process and therefore better understand the molecular structure of eumelanin.

10.3 Experimental

10.3.1 Sample preparation and characterisation

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

1It 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 melanin. 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 coe±cient 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 opposed to previous
evolution studies, where a more alkaline pH was used. Thereforea low intensity hand-held
ultra-violet lamp was used to induce polymerisation for time periods as indicated. This
provided a method of accurately controlling the degree of polymerisation as desired. The
following (cumulative) illumination times were used: For excitation at 323 nm: 0, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, 120, 240 minutes. For excitation at350 nm and 380 nm, and for
excitation spectrum of emission at 400 nm: 0, 20, 40, 60, 80, 120,200, 240 minutes. For the
¯nal time-point, a su±cient quantity of very strong NaOH was addedto overcome the bu®er
solution and increase the pH to approximately 12. The solutionswere allowed to stand for
one hour, then measured for the ¯nal time.

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

10.4 Results and discussion

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

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

absorption) as DHICA evolves to form eumelanin are shown in ¯gure10.2. The emission
gradually decreases in intensity at each wavelength until it reaches the very low emission
levels characteristic of eumelanin [47, 163]. Most signi¯cantly, the shape of the emission
spectrum does not change (until the last few time-points), onlythe intensity. This indicates
that none of the dimers, trimers and larger oligomers formed from DHICA have signi¯cant
radiative quantum yields, so the only °uorescencent species in the solution is DHICA itself.
This feature allows the estimation of the amount of DHICA remaining in solution at each
time as the polymerisation occurs, simply by taking the ratio ofthe emission curve area at
each time to that at the initial time-point (when the solution is 100% DHICA). This was
done for the ¸ ex = 323 nm data (since it is the most intense, and therefore has the best
signal to noise ratio), and is shown in ¯gure 10.3. The concentration appears to follow an
exponential relationship, as is shown on the plot.

Tran et al. reported that the main absorption peak in the DHICA spectrum decreases
linearly over time as it polymerises, suggesting that DHICA molecules are consumed at a
constant rate [76]. We propose, however, that the species beingformed 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 propose that the emission
spectrum provides a much more reliable probe.

Since the shape of the emission spectrum does not change until thevery last few time-
points, we postulate that all DHICA dimers and oligomers have signi¯cantly lower radiative



10.4 Results and discussion 137

100

80

60

40

20

0

%
 D

H
IC

A
 re

m
ai

ni
ng

120100806040200
UV Illumination time (min)
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Figure 10.4 : Excitation spectrum as DHICA evolves to form eumelanin (̧ em = 400 nm).

quantum yields than the DHICA monomer (otherwise they would in°uence the shape of the
emission spectrum). The shape is only a®ected when the DHICA concentration becomes
extremely low. Experiments to test this hypothesis are currently underway.

The polymerisation of the excitation spectrum as DHICA forms eumelanin is shown in
¯gure 10.4. Similar to the emission spectra, it does not change shape over time but merely
decreases in intensity (until the very ¯nal time-points). This supports 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 that even very low
quantum yield species begin to have comparable emission, so the shape of the emission
spectrum begins to change. This is demonstrated in ¯gure 10.5. In each graph, A is the
initial spectrum (pure DHICA), and B, C and D show the spectra at thē nal few time-points.
It is interesting that for excitation at both 323 nm and 350 nm the spectrum ¯rst shifts to
slightly higher energies, then broadens, showing multiple peaks. Excitation at 380 nm is



138 Spectroscopic observation of eumelanin formation
E

m
is

si
on

 In
te

ns
ity

 (c
ps

)

600550500450400350
Emission Wavelength (nm)

A

D

C

(a) ¸ ex = 323nm

E
m

is
si

on
 In

te
ns

ity

600550500450400
Emission Wavelength (nm)

A

D

C

(b) ¸ ex = 350nm

E
m

is
si

on
 In

te
ns

ity

600550500450400
Emission Wavelength (nm)

A

D

B

C

(c) ¸ ex = 380nm

Figure 10.5 : Emission spectra as DHICA evolves to form eumelanin, for three di®erent exci-
tation wavelengths. Spectra are scaled to show relative shapes (note that intensity at ¯nal time
is signi¯cantly lower than the initial intensity). A: Initia l 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 absorption peak. This means
that for even quite early time-points the emission from other species in solution becomes
comparable to that from DHICA, and hence in°uence the shape of thespectrum.

The excitation spectrum at the ¯nal timepoint is shown in ¯gure 10.6. It is similar in
shape to that previously measured for eumelanin [163, 164], andloosely 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 indication of the energy
structure of the °uorescent species produced as DHICA evolves into eumelanin. An emission
peak at 2.3 eV is evident in all the ¯nal time-point spectra (¯gure 10.5). The excitation
spectrum (¯gure 10.6) shows peaks at 3.7 eV and 5.0 eV. Large amounts of broadening (be-
lieved to be due to chemical disorder) and low radiative yields make quantitative analysis
challenging, however. Experiments using directed chemicalsynthesis combined with den-
sity functional theory analysis are currently underway to identify possible species that may
contribute to these spectra.

The emission spectra for excitation at 350 nm and 380 nm at the ¯naltime-point agree
well with those measured previously for eumelanin, as shown in ¯gure 10.7. Note that shorter
instrument integration times were used in this experiment dueto 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 (solid line). Eumelanin spectra from
chapter 6.

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

The radiative quantum yield of the solution was observed to decrease over time for all
three excitation wavelengths (¯gure 10.9), and at the ¯nal time-point reached the very low
value previously observed for eumelanin (» 0:1%). Dimers and larger oligomers of DHICA
could be expected to have a larger number of vibrational modes available for non-radiative
dissipation of energy, and hence may be expected to have lower radiative quantum yields than
the DHICA monomer. As DHICA polymerises to form these larger species, the quantum
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yield of the solution therefore decreases.

10.5 Chapter conclusions

We have shown that as DHICA polymerises to form DHICA eumelanin, the emission de-
creases in intensity, but the emission spectrum does not change inshape. This suggests
that all dimers, trimers and oligomers formed from DHICA have very low radiative yields,
and therefore do not contribute to the emission spectrum until the concentration of DHICA
reaches an extremely small value. Experiments are currentlyunderway to probe this hypoth-
esis; we are synthesising likely DHICA dimers for the accurate measurement of their radiative
yields and emission spectra. Comparison to the ¯nal timepoint spectra presented here may
allow for identi¯cation of the oligomer species present in the ¯nal eumelanin product.
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11
Inelastic neutron scattering spectroscopy

11.1 Chapter abstract

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

11.2 Chapter introduction

McGinness and Proctor suggested in 1973 that the black appearance of melanin indicates
that electron-phonon coupling may be particularly e±cient in this material [304]. They
postulated that a signi¯cant biological function of melanin may therefore be to convert
the energy of excited states into heat by means of photon-phonon conversion processes.
Dissipation of energy via electron-phonon coupling occurs over picosecond timescales, and
is the most rapid form of energy dissipation (radiative emission,for example, occurs over
nanoseconds). Rapid energy dissipation via vibrational states is the best way of reducing
the possibility of excited state chemistry (which is almost always harmful in a biological
environment), and hence as a photoprotectant, eumelanin could reasonably be expected to
dissipate energy mainly through conversion of photoexcitations to heat.

A variety of studies show that the majority of energy dissipationin eumelanin is non-
radiative [243, 261, 305, 306]. Forest and Simon used photoacoustic calorimetry to show
that essentially all the absorbed energy is released as heat whenexcited 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 at 351 nm (UVA-I), 95% of the
absorbed energy is converted to heat, and with excitation at 264 nm (UVC) only 70% is
released as heat. This wavelength dependance is consistent with chemical heterogeneity, since
exciting at di®erent wavelengths probes di®erent species, which may easily have di®erent
electron-phonon coupling properties. Nofsinger et al. later con¯rmed that the dominant
non-radiative process in eumelanin is repopulation of the ground electronic state [172]. As
shown in chapters 6 and 7, eumelanin has an extremely low radiative quantum yield [47],
again suggesting that the majority of energy dissipation occursby non-radiative relaxation.
Hence the vibrational modes of eumelanin are of considerable interest.

Raman and infrared (IR) spectroscopies have been applied to melanins from various
sources in a number of studies; we have summarised those relevant toeumelanin in table
11.1. Many studies only identi¯ed one or two broad peaks, and none were able to give accu-
rate vibrational mode assignments. These results show that due to chemical heterogeneity,
eumelanin has a complex vibrational spectrum with many overlapping modes, making it very
di±cult to draw any ¯rm conclusions from vibrational spectra. Studies on small oligomers
extracted from melanin are more promising, showing clearer peaks that potentially allow
for a more informative analysis [83], and IR study of the monomer DHICA has been ex-
tremely successful, as outlined later in this introduction [297]. We have therefore chosen to
¯rst study the vibrational modes of DHICA using inelastic neutron scattering (INS) spec-
troscopy, with an aim to accurately assigning the spectra of the eumelanin monomers and
then larger species until the vibrational properties of the eumelanin 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, º - in plane stretching, ben. - benzene, skel. - skeletal, def. - deformation.

ref method source ¸ ex (nm) freq (cm ¡ 1 ) assignments

Cooper et al. raman synthetic tyrosine 363.8 1300(b)
1986 [313] 488 1385(b)

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 ¡ 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., º 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

514.5 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 º skel. def
of above 1380 º C-C

INS is a well established technique that makes use of modern spallation neutron sources to
obtain spectral bandwidths similar to those obtained from the optical spectroscopy of solids
[318]. INS has the advantage that its observed intensities can be simply and immediately
compared to calculations of the mean square vibrational atomic displacements that appear
as output from standard ab-initio programs. Moreover, the technique emphasises those
vibrational modes involving hydrogen motions and is ideal for the study of organic molecular
crystals, as is described in detail elsewhere [318]. INS spectroscopy does not have forbidden
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modes as do both IR and Raman spectroscopy, and it is particularly sensitive to low energy
vibrations. High energy vibrations (such as those most easily probed by IR and Raman
spectroscopy) are typically due to the motions of isolated functional groups and single atoms
in the molecule, and hence are particularly useful for chemical characterisation. In this study,
we are more interested in the low energy vibrations (that are probed by INS), since these
are typically due to whole molecular motions. These whole molecular motions will tend to
be the ones most a®ected by variations in primary and secondary structure, 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 initially make INS mea-
surements of indole. Indole is a very well studied system, and itsvibrational frequencies over
a wide range of energies have been determined from IR and Raman spectroscopy. The as-
signments of these vibrational frequencies to particular vibrational modes has been reported
in a variety of publications and is well agreed upon. Our group measured the INS spectrum
of indole and assigned the observed modes with con¯dence based upon these previous IR
and Raman assignments [319]. The INS assignments of indole from that previous study are
summarised in table 11.2 (since we later refer to these mode numbers in our assignments).

Table 11.2: The ab-initio calculated frequencies (cm ¡ 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, º - assigned mode numbers (consistent with general literatur e on indole), Obs
- observed INS frequencies, G98 - calculated frequencies.

A" A'
º Obs G98 º Obs G98

(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 )
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



11.2 Chapter introduction 147

5

6
7

8

9
4

N
H

2

3

10
OH

O

HO

HO

5

6
7

8

9
4

N
H

2

3

10
OH

O

a) b)

11

121 1

11

12

13

14

Figure 11.1 : Chemical structures with atom numbering used in tables following. 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 G98
(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 )

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 we are in an excellent
position to analyse the INS spectrum of indole-2-carboxylic acid (ICA). The structure of
ICA is shown in ¯gure 11.1(a) with standard atom numbering. ICA provides a critical
link between indole and DHICA (¯gure 11.1(b)), allowing us to determine the e®ect of the
addition of a carboxylic acid group to indole, and then deal seperately with the addition of
the hydroxyl groups to ICA in the analysis of the INS spectrum of DHICA.

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

Several vibrational studies have been performed for ICA, which assist with the assignment
of INS spectra. In 1977 Singh and Prakash reported very rough assignments of the IR spectra
of ICA, [320], as did Viossat et al. in 2005 [321] and Rele et. al in 2006 [322]. Additionally,
Ahmed reported IR frequencies for divalent transition metal complexes with ICA [323, 324].
We have listed the frequencies reported in these publicationsin table 11.3. Complete IR
spectra for ICA were published by Tine et al (500 cm¡ 1 to 2000 cm¡ 1) [325] and Morzyk-
Ociepa et al. (500 cm¡ 1 to 4000 cm¡ 1) [326] in good agreement with each other and we have
extracted the positions of peaks from those graphs for inclusion in table 11.3. Only the most
signi¯cant peaks in those publications were roughly assigned. The INS frequencies observed
in this study are also included for ease of comparison.
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Table 11.3: Table of the band positions (cm ¡ 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, DHICA has received a
more thorough treatment in a very recent publication by Okuda et al. [297]. The authors
reported the mid-infrared (1000 cm¡ 1 to 4000 cm¡ 1) absorption spectrum of DHICA with
detailed assignments based on density functional theory calculations. They determined that
hydrogen bonds play an important role in the vibrational properties of DHICA [297]. This
IR study forms an excellent comparison for our INS spectrum and has assisted with our
assignment process. The IR frequencies and intensities reportedin that study are included
in table 11.4 with a comparison to the INS frequencies observed in our study, and those we
have calculated using density functional theory.
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Table 11.4: Table of the IR observed frequencies (cm ¡ 1 ) for DHICA as reported in reference [297], with the authors' assignments
to band frequencies, IR intensities and mode descriptions c alculated using GAUSSIAN03. 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, º - 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 G03 [297]
Freq Freq IR Obs

º (cm ¡ 1 ) IR (cm ¡ 1 ) IR Freq IR Description [297]
A" A' Int A" A' Int (cm ¡ 1 ) Int (cm ¡ 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 1.4 - - - -
27 984 35 956 0.3 - - - -
26 1085 346 1068 3.3 1093 19.8 ±C3H, ±N1H, º C10O11 1095(w)
25 1110 142 1102 3.5 1122 274 ±O11H, ±N1H, º C5O11 1120(w)
24 1160 441 1114 10.4 1137 424 ±O11H, ±C3H, º C10O11 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, º C6O12, Skel, def. -

Continued on next page
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Table 11.4 { continued from previous page

G98 NRLMOL G03 [297]
Freq Freq IR Obs

º (cm ¡ 1 ) IR (cm ¡ 1 ) IR Freq IR Description [297]
A" A' Int A" A' Int (cm ¡ 1 ) Int (cm ¡ 1 )

21 1234 16 1201 3.5 1407 2.7 Skel. def., º C10O11, ±O12H -
20 1269 40 1215 0.6 1226 92.7 ±C4H -
19 1287 95 1228 4.0 1243 196 ±N1H, ±C3H, º C6O12 1230
18 1325 312 1295 8.2 1320 436 ±O11H, º C6O12, º C10O11, Skel. br. 1255
17 1376 37 1334 0.1 1349 9.3 ±O11H, ±O12H -
16 1391 30 1360 0.7 1371 15.4 Pyr. def., Ben. br., º C5O11, º C6O12 1339(m)
15 1435 9 1401 0.2 1428 124 º N1C2 1439(m)
14 1452 44 1412 2.3 1158 18.7 ±N1H, º C7H -
13 1513 15 1469 0.3 1486 11.1 Skel. def., º C5O11 1474(w)
12 1563 34 1513 2.2 1529 68.2 Skel. def., º C6O12 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 15.4 1750 517 º C10O12 1684(st)
8 1693 79 1633 0.7 1600 9.5 Skel. def. 1597(w)
7 3197 13 3094 0.3 3097 15 º C4H -
6 3237 2 3126 0.0 3138 3 º C7H -
5 3297 0 3191 0.0 3192 0.7 º C3H -
4 3618 163 3634 3.5 3681 129 º O12H 3273(b)
3 3628 91 3657 2.5 3675 117 º O11H 3273(b)
2 3674 94 3569 2.1 3598 101 º N1H 3433(st)
1 3712 66 3721 1.8 3751 68 º O11H 3273(b)
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In summary, we report in this chapter the measured INS spectra of ICA and DHICA with
detailed assignments based uponab-initio density functional theory calculations, previous
detailed assignments of indole spectra, and previous assignments of IR spectra for these
molecules. The assignment of the vibrational modes of DHICA willallow us to make ¯rm
and detailed conclusions about the spectra of eumelanin related 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 byTran et al. [76].

11.3.2 Spectrometer

The powdered samples were wrapped in aluminium foil (5 g of ICAand 1 g of DHICA) and
held in °at sample cells. These were maintained at 20 K in the neutron beam of the TOSCA
spectrometer [327], at the ISIS Facility, The Rutherford Appleton Laboratory, Chilton, OX11
0QX, UK. TOSCA is a pulsed neutron, indirect geometry, low band-pass spectrometer with
good spectral resolution (¢Et/Et ¼ 2%). On these types of spectrometer each energy,E t , is
associated with a speci¯c momentum transfer value,Q, as such mode dispersion cannot be
tracked on these spectrometers. Also, the momentum transfer vector, Q, is perpendicular to
the face of the sample cell [318]. Data were collected for about 6 to 12 hours and transformed
into the conventional scattering law vs energy transfer (where E t is given in cm¡ 1), using
standard programs.

11.4 Calculations

11.4.1 Ab-initio calculations

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

NRLMOL performs massively parallel electronic structure calculations using gaussian
orbital methods. We fully relaxed the geometry with no symmetry constraints using the
Perdew, Burke and Ernzerhof (PBE) [198] exchange correlation functional, which is a gen-
eralized gradient approximation (GGA) containing no free parameters. In the calculations
presented in this paper we use Porezag-Pederson (PP) basis sets [329], which, in contrast
to standard approaches, are not a ¯xed set of basis functions, but are adjusted on a total-
energy criterion. PP basis sets have been proven to satisfy theZ 10=3 theorem and, for weakly
interacting atoms, it has been shown that PP basis sets have no superposition error [330].
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Our basis sets are available on request. For a discussion of the calculation of vibrational
modes see references [195{197].

The atomic displacement vectors appearing in the output ¯les from GAUSSIAN98 (`.LOG'
¯le) were used as input to the aCLIMAX program [331] to determineINS intensities.

11.4.2 Data visualisation

aCLIMAX [331] is a program that displays the INS spectra taken on any 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 eigenvalue and eigenvector
data (in the correct units) and calculates INS intensities. Unlike optical spectroscopy, the
INS technique expresses not only fundamentals but also all combination bands and over-
tones. The aCLIMAX program calculates these intensities (combinations and overtones are
treated harmonically out to the tenth order) and adds the contributions from all sources of
intensity to determine the total INS spectrum [318]. Most of the calculated contributions
from combination bands and overtones add only weak and very broad features to the region
above 1500 cm¡ 1, but in the mid frequency range sharp overtones and combinations (arising
from intense bands at low energies) are sometimes found. Hence every observed INS peak
does not necessarily correspond to a new vibrational motion of the molecule. The aCLIMAX
program generates all the transition bands as gaussian pro¯les according to a set of ¯xed
parameters and, as such, bands of dramatically di®erent widths in 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 the assignments of ICA INS
peaks. The GAUSSIAN98 displacement eigenvectors for each vibrational mode determined
computationally were examined and sorted into in plane (A') and out of plane (A") modes.
The displacement eigenvectors from NRLMOL were then comparedto those from GAUS-
SIAN98 to match the vibrational frequencies, as listed in the ¯rst six columns of table 11.7.
The nature of the ICA vibrations was then compared, using the program ViPA [332], with
those of indole [319]. The results of this exercise are the mode descriptions 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 measured using INS and carefully
assigned as reported in reference [319]; the details of these modes were extracted and are
listed in columns 8-11 of table 11.7, including calculated and observed wavenumbers, and
shifts (the di®erence between the observed and calculated wavenumbers). The ICA observed
INS modes were then matched with the ICA calculated modes to produce similar shifts to
those seen for the equivalent indole modes. The GAUSSIAN98 calculated frequencies were
then given small shifts to match with the observed values, the newfrequencies being listed
in the `Final Freqs' column of table 11.7. These are the frequencies that were used with
aCLIMAX determined intensities to produce ¯gure 11.3. The IR frequencies for ICA mea-
sured by Morzyk-Ociepa et al [326] were also taken into consideration by comparison to the
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IR calculated intensities from GAUSSIAN98 (listed in the ¯nal two columns of table 11.7).
Further small re¯nements were then made to certain peaks to produce a more faithful

match between the aCLIMAX calculated INS spectrum and the experimental spectrum, as
described in the discussion. Due to the known rigid nature of ICA (similar in nature to
indole), a non-default wing shape that was narrow in frequency was used (rigid molecules
tend to give sharp, high intensity peaks, as we have observed in the ICA spectrum). Also
due to this rigidity, the wing status A external isotropic generation value was reduced from
the default value to small 0.015. The `Auto generate Sachs-Teller' option was utilized to
distribute the isotropic A external value in an anisotropic manner (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 vibrational modes, based
upon the previous assignments for ICA (rather than indole). The results of this process are
outlined in table 11.9. IR frequencies with assignments from reference [297] in the range
1000cm¡ 1 to 4000cm¡ 1 were taken into consideration (listed in table 11.4).

The DHICA spectrum is more challenging to replicate computationally than that for
ICA since DHICA has a rigid main body, combined with much `softer' hydroxyl groups. The
hydroxyl groups give rise to very broad, low intensity phonon wing bands that are barely
visible whereas the rigid body gives rise to sharp peaks of signi¯cant 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 shape per spectrum. For
modelling DHICA we have therefore chosen to use the same non-default narrow wing shape
that was used for ICA (to give an accurate representation of thepeaks arising from the rigid
main body of the molecule), and to then manually reduce the intensity of the overtones of
peaks we assign to be the hydroxyl vibrations. The assignment of these peaks is non-trivial
(as discussed below), and would be aided by the measurement of a deuterated DHICA spec-
trum for comparison. We recommend this for future work, and caution 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 be planar, and are
shown in ¯gures 11.2(a) and 11.2(b) respectively. The structureof DHICA was consistent
with that from Powell's previous study [77]. Energies calculated using both GAUSSIAN98
and NRLMOL for each molecule are listed in table 11.5, and it canbe seen that they agree
closely. Dipoles and rotational constants calculated using GAUSSIAN98 for each molecule
are also included in table 11.5.
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(a) 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 density functional 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 intable 11.6, with atom num-
bering as shown in ¯gure 11.1. The lengths from GAUSSIAN98 and NRLMOL all 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 very similar for the two molecules.
The addition of the hydroxyl groups has had more in°uence overthe skeletal lengths (as
would be expected), so we expect to see more variation between the vibrational 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 ¯gure 11.3. The ¯nal
calculated spectrum for this molecule generated from GAUSSIAN98 frequencies and aCLI-
MAX intensities is shown as the dotted line. Note that the calculated vibrational peaks have
undergone small shifts to produce better matching with the experimental spectrum, with
initial and ¯nal calculated frequencies listed in table 11.7.The aim of this process is not to

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

Structural lengths ( ºA)
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 O13 C2 to O14
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 ascalculated (discon-
tinuous line). Peak positions are listed in tables 11.8 and 11.7.

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

The region 200¡ 800 cm¡ 1 ¯tted reasonably well from the original assignments (made
by comparison with previously measured and assigned indole spectra [319], as described in
the section on the speci¯c data treatment). This region required only minor adjustments to
improve the ¯tting, where the comparison with indole had been ambiguous. However, the
region 800¡ 1100 cm¡ 1 is quite di®erent from that of indole, meaning that the assignments
based on the indole spectrum were not as successful. It appears that the carboxylic acid
group has modi¯ed the indole vibrations involving the pyrrole ring, and suppressed the
frequencies of those indole modes about 1050 cm¡ 1. A shift in these modes was observed
in indole that was deuterated at the 3 position (to about 850 cm¡ 1); we believe that the
carboxylic acid has acted here like the deuteration of the pyrrole [319].

It is also important to consider that the calculations were done for isolated molecules,
whereas experimentally we are observing a solid state system which will include hydrogen
bonding between molecules. To take this into consideration, it was necessary to move the
° (OH) mode (º = 46) from the isolated molecule calculated position of 572 cm¡ 1 to a more
realistic 826 cm¡ 1 (we believe this is consistent with the IR data). The intensity of this mode
was also suppressed by dividing the displacement by 2 (this suppressed the (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 disorder, but it cannot be due to
disorder in this pure ICA system (many of the observed bands have full-widths at half-height
similar to the spectrometer's resolution, suggesting that chemical disorder does not dominate
the properties of ICA (or DHICA) as we believe it does in eumelanin). 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 reasonable quality, sug-
gesting that we have accurately assigned the ICA modes in the order listed in table 11.7.
These results are summarised in table 11.8 with basic descriptionsof the types of vibrational
motions that each represents.
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Table 11.7: Table of the ab-initio calculated frequencies (cm ¡ 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. GAUSS IAN98 results are in the columns headed G98, and the results
from NRLMOL are under NL. Our mode descriptions are taken fro m the GAUSSIAN98 output and given with respect to the
modes of indole (after [332]); x(y) implies that this ICA mod e has x% of the indole mode number y (only contributions great er
than 10% are shown). IR observed results are from reference [ 326]. A" - out of plane vibrations, A' - in plane vibrations, º -
mode number.

ICA INDOLE ICA
A" A' Shift Shift IR

ViPA Compare Obs Calc (obs- Obs Final (obs- Obs
º G98 NL º G98 NL description to indole º (cm ¡ 1 ) (cm ¡ 1 ) calc) (cm ¡ 1 ) Freq calc) [326] G98

(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) 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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ICA INDOLE ICA
A" A' Shift Shift IR

ViPA Compare Obs Calc (obs- Obs Final (obs- Obs
º G98 NL º G98 NL description to indole º (cm ¡ 1 ) (cm ¡ 1 ) calc) (cm ¡ 1 ) Freq calc) [326] G98

(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) 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 3298 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. ¿ - torsion (out of plane twisting), ° - out of plane bending, ± - in
plane bending, º - 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.

A" A' Final
º G98 º G98 Obs Freq Description

(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 )
51 92 - 92 ¿C2C10
50 99 - 99 ° Skel. def. (butter°y)

35 142 204 209 ±C2C10
49 266 262 261 ¿Skel. def.
48 284 274 283 ° Skel. def. (standing wave)

34 350 365 362 º Skel. def., º 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 º Ben. def., ±O11H

45 593 - 566 ° C5H, - ° C6H, ¿Skel. def.
44 626 539 540 ° N1H

30 633 609 601 º Skel. def.,
43 643 - 615 ° O11H, -° C3H

29 686 769 768 ±O11H, º Skel. def.
42 766 744 744 ° C3H, - ° C7H, - ° C5H, - ° C6H
41 780 - 744 ° C5H, ° C6H, ° C4H
40 809 813 809 ° C7H, - ° C4H, ¿Skel. def.

28 820 - 849 º Skel. br., º C8C9, º C3C9, º N1C8, ° C3H
39 882 853 837 ° C3H, ° C7H, - ° C4H, ° C6H, - ° C5H
38 905 939 935 ° C3H, ° C5H, - ° C7H, ° C4H

27 925 890 890 º Skel. def., º C3C9, -º C8N1
37 983 - 950 ° C4H, ° C7H, - ° C6H, - ° C5H

26 983 964 967 º Pyr. def., º C9C8, º C2C10, º C10O11
36 1025 - 966 ° C6H, - ° C5H, ° C4H, - ° C7H

25 1041 1009 1005 ±C4H, -±C7H, º Ben. br., ±C5H, -±C6H
24 1095 1116 1116 ±O11H, ±C3H, -±N1H, º Pyr. br., º C10O11H
23 1162 1150 1120 ±C5H, ±C6H, -±C4H, -±C7H
22 1170 1209 1149 ±C3H, -±O11H, ±C4H, º 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, º Skel. def., º C8C9, -º C9C3
16 1395 - 1345 ±C5H, ±C4H, ±C7H, -±C3H, -±N1H, ±C6H
15 1426 - 1426 º Pyr. br., º Ben. Def., ±C5H, -±C6H
14 1454 - 1454 ±N1H, - ±C6H, º C2N1, -º C7C6
13 1487 - 1487 ±C4H, -±C7H, º C9C8
12 1547 - 1547 ±C5H, ±N1H, º Skel. def., º C9C4, º C5C4
11 1576 - 1576 º Skel. def, º Pyr. br., º C2C3, -º C10O12, ±C6H, ±C3H, -±N1H

Continued on next page
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Table 11.8 { continued from previous page
A" A' Final

º G98 º G98 Obs Freq Description
(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 )

10 1623 - 1623 º Skel. def, º C6C5, º C8C9, ±N1H, ±C6H
9 1671 - 1671 º Skel. def, º C7C8, º C5C4, ±N1H, ±C4H
8 1690 - 1690 º C2C10, -º C10O12, ±O11H, º Pyr. br.
7 3193 - 3193 º C6H, - º C5H, º C4H, - º C7H
6 3201 - 3201 º C7H, º C4H, - º C6H, - º C5H
5 3212 - 3212 º C7H, - º C4H, º C6H, - º C5H
4 3224 - 3224 º C6H, º C5H, º C7H, º C4H
3 3298 - 3298 º C3H
2 3629 - 3629 º O11H
1 3673 - 3673 º 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 11.10 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 in̄gure 11.4, with the
¯nal calculated spectrum for this molecule from GAUSSIAN98 and aCLIMAX included as
the dotted line. As for ICA, small peak shifts were permitted to produce the ideal spectral
¯t; 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 corresponding mode.

As suggested by Okuda et al. [297] hydrogen bonding is signi¯cant in DHICA in the
solid state and has a strong e®ect on the vibrational modes involving the motion of hydroxyl
groups. This was con¯rmed by our assignments for ICA, where we showed that the ° OH
mode (º = 46) shifted substantially from the vacuum calculated positionof 572 cm¡ 1 to a
much higher energy 826 cm¡ 1. We have therefore made a similar shift in our assignment
of the DHICA ° OH mode (for the carboxylic acid OH group,º = 48), moving it from the
vacuum calculated position of 568 cm¡ 1 to a substantially higher energy 842 cm¡ 1 (where a
similar peak is observed in the experimental spectrum).

DHICA also has two additional hydroxyl groups which are not present in ICA, and we
expect that the modes involving these groups will also be substantially a®ected by hydrogen
bonding. Modes 53 and 49, calculated to be at 280 cm¡ 1 and 506 cm¡ 1 respectively are
strongly ° OH in character, so we expect these to occur at substantially higher energies.
They have been shifted to 343 cm¡ 1 and 544 cm¡ 1 respectively, although larger shifts are
possible. Mode 46 also involves° OH motion (although it is mixed with other molecular
motions), and modes 26, 25, 22, 21 and 18 all have±OH character (also mixed with other
molecular motions to various degrees). The mixing of these modes is likely to reduce the
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impact due to hydrogen bonding. We have taken these e®ects intoaccount in the assignment
of these modes, although unfortunately it is not possible to assignthem with complete
certainty based upon this information. The detailed analysisof this spectrum has revealed
that an INS measurement of the deuterated system would allow a much clearer assignment
of the modes of DHICA, particularly allowing identi¯cation of modes involving the hydroxyl
groups. We recommend this for future research before the mode assignments for DHICA
listed here are used further.

The measurement of a deuterated spectrum would also allow a clearer analysis of the
e®ect of overtones in this spectrum for a more accurate assignment. The aCLIMAX calcu-
lated spectrum initially had a strong peak at 1026 cm¡ 1 that did not appear at all in the
experimental spectrum. This peak was due to a 0-3 transition overtone from the calculated
° O13H mode (º = 53) at 343 cm¡ 1. The overtones due to the other° OH modes were also
unrealistically dominant, for the reasons discussed above in section 11.4.3. The intensities
of all overtones involving° OH motions were therefore set to zero to produce a more faithful
¯t to the experimental data. Also, the intensity of the ° NH mode (º = 47) was reduced to
lessen the intensity of the overtone due to that peak. The remaining overtones around the
region 1600 cm¡ 1 appear to be more reliable and have been left as calculated.

After these minor adjustments the ¯t to the experimental data appears to be satisfactory
(¯gure 11.4) indicating that most modes are assigned correctly.We wish to empahsise again,
however, that these mode assignments are not as reliable as thosefor ICA reported above,
and should be con¯rmed with experiments on the deuterated system.



164
Inelastic

neutron
scattering

spectroscopy
Table 11.9: Table of the ab-initio calculated frequencies (cm ¡ 1 ) of DHICA compared with INS observed frequencies, as discus sed
in the text. The list of frequencies used to produce ¯gure 11.4 is given in column Final Freq. G98: calculated frequencies f rom
GAUSSIAN98. NL: calculated frequencies from NRLMOL. ViPA m ode descriptions were determined from the GAUSSIAN98
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.

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 º Freq Freq ( % of ICA modes) to ICA º (cm ¡ 1 ) (cm ¡ 1 ) calc) [297] Obs Freq calc)

(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 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-

º Freq Freq º Freq Freq ( % of ICA modes) to ICA º (cm ¡ 1 ) (cm ¡ 1 ) calc) [297] Obs Freq calc)
(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 )

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) - - -
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Table 11.10: Descriptions of the vibrational modes of DHICA . ¿ - torsion (out of plane twisting), ° - out of plane bending, ±
- in plane bending, º - 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.

A" A' Final
º G98 º G98 Obs Freq Description

(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 )
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 ° O13H

38 307 334 334 ° C2C10, ±O13H, -±O14H
37 314 329 329 ±Skel. def., ±C2C10, ±C5O13
36 328 360 360 º Ben. br., º C6O14

52 348 432 432 ¿Skel. def., ±C4H, -±C7H, -±C3H
51 392 386 386 ° Skel. def. (standing wave)
50 439 498 498 ° C7H, ° C4H

392 -
35 440 - 498 º Ben. def., ±C5O13

49 506 544 544 ° O14H
34 527 453 444 º Ben. def., ±O11H, ±N1H
33 551 531 531 º Ben. def., ±C3H

48 568 842 842 ° O11H
47 621 725 725 ° N1H
46 638 557 557 ° O11H, ° Pyr. def., - ° C3H

32 647 613 613 º Skel. def., ±C7H, ±C4H, -±O13H, -±O14H
31 686 623 623 ±C10O11, ±O11H, º Skel. def.

45 700 648 648 ¿Ben. def., ° C4H, - ° C7H
44 746 686 686 ¿Skel. def., ° C3H ° C4H, - ° C7H

30 768 669 669 º Ben. br., º C5C6, º C9C8
43 788 766 766 ¿Pyr. def., ° C2C10, ° C3H, - ° C4H, ° C7H

29 795 795 795 º Skel. def.
42 866 779 779 ° C3H, - ° C4H
41 879 880 880 ° C7H

28 880 838 838 º Skel. br, ±C4H, -±C7H
40 907 877 877 ° C3H, ° C4H

928 -
966 -

27 984 989 989 º Pyr. br, º C3C2, º C2N1, º C10O11
26 1085 1102 1102 ±O11H, ±C3H, -±O13H, º Pyr. br.
25 1110 - 1102 ±O13H, ±O11H, º Ben. def., º C5O13
24 1160 - 1179 ±C3H, ±C4H, ±O13H, -±O11H
23 1182 1179 1179 ±C7H, ±N1H, ±O13H
22 1196 1179 1179 ±O14H, ±C7H, ±O13H
21 1234 1236 1236 ±O14H, ±C4H, ±O11H
20 1269 1236 1236 ±C4H, ±C7H
19 1287 1245 1245 ±C3H, ±N1H
18 1325 - - ±O11H, º Ben. br., - º Pyr. br.
17 1376 - - ±N1H, ±O13H, ±O14H, -±C4H, -±C7H, -±O11H
16 1391 - - º Ben. br., º C9C3, º N1C8, ±O14H
15 1435 - - º Skel. def, º N1C2, -º C6C5, º C9C8
14 1452 - - º Ben. def, º Pyr. br., ±C7H, -±N1H
13 1513 - - º Skel. def., ±C4H, -±N1H, - ±C7H, º C4C5
12 1563 - - º Skel. def., ±C4H, ±N1H, - ±C7H, º C4C9
11 1575 - - º Skel. def., ±C3H, º C3C2, º C10O12
10 1639 - - º Skel. def., ±N1H, º C5C6, º C9C8
9 1688 - - º Skel. def., º C2C10, º C10O12, ±O11H
8 1693 - - º Skel. def., º C4C5, º C7C8, º C10O12
7 3197 - - º C4H
6 3237 - - º C7H
5 3297 - - º C3H
4 3618 - - º O14H
3 3628 - - º O11H
2 3674 - - º N1H

Continued on next page
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Table 11.10 { continued from previous page
A" A' Final

º G98 º G98 Obs Freq Description
(cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 ) (cm ¡ 1 )

1 3712 - - º O13H

11.6 Chapter conclusions

The inelastic neutron scattering spectra of ICA and DHICA powders 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 careful and reliable assignment of
these vibrational spectra forms a solid basis for study of the vibrational properties of the
eumelanin macromolecule. Further work is underway with theobjective of understanding
non-radiative decay pathways in model eumelanin components, particularly melanin dimers
and larger oligomers.
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12
Future research directions

There still remain many unknowns concerning the melanin system, and many possible ex-
periments that could shed light on its function and properties. We have already mentioned
several pertinent speci¯c experiments in earlier chapters, including:

² Further use of high resolution transmission electron microscopy for structural measure-
ments of melanins from various sources (section 3.4.4). This is discussed in more detail
below.

² Determination of the particle size distribution for melanin solutions of the type used
for spectroscopic analysis throughout this thesis via dynamic light scattering or other
methods (section 4.5.1). This is also discussed in more detail below.

² Investigation of the origin of the unexpectedly large deviation between density func-
tional theory calculated dipole strengths and measured dipole strengths (section 5.5.3).

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

² Investigation of the e®ects of the solvent upon the spectroscopicproperties of DHICA.
Particularly, accurate characterisation and understandingof the e®ects of pH, and
investigation of the possibility of the formation of a complex between the DHICA
catecholate groups and the borax bu®er, inhibiting polymerisation (section 9.4.1). The
measurement of a full °uorescence map for DHICA similar to that in chapter 7 (for
eumelanin) for a variety of pHs and solvents would be extremelybene¯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 deuterated DHICA for
accurate assignment of the vibrational peaks of DHICA (section 11.4.3).

Beyond these speci¯c experiments, we aim in this chapter to describe in broader terms a few
approaches to this system that we believe may be most fruitful inthe 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 contribution to our understanding of
the structure of eumelanin has come from an organic chemistry approach, isolating and
synthesising the dimers and trimers that are naturally formed from the eumelanin monomers.
This work has allowed identi¯cation of the most likely covalent binding sites of DHI and
DHICA, and given substantial clues as to the way in which polymerisation occurs in this
system. This work, conducted largely by the melanin group at Naples, continues to be
massively important. For instance, they very recently published an article reporting the
isolation of an eumelanin tetramer for the ¯rst time [36]. The tetramer structure, shown
in ¯gure 12.1 reveals a previously unseen 2,3' binding between monomers, which should
now be included in our considerations of the possible structuresthat eumelanin might take.
We believe that this organic chemistry approach will continue to be extremely fruitful, and
should be continued with vigour.

The yields of the DHI and DHICA dimers and larger oligomers obtained from these
studies are currently extremely low, and prohibit extensive investigation of their properties.
This is unfortunate, since we believe that spectroscopic analysis of these species would be
extremely helpful for comparison to quantum chemical analysis, and would lead ultimately
to an understanding of the spectroscopic features of eumelanin. We hope that in future it
may be possible to isolate larger quantities of these species for extensive quantum chemical
and spectroscopic analysis, to understand their de-excitation pathways and contributions to
eumelanin photobehaviour.

The work reported in chapter 9 of this thesis on the DHICA molecule highlights how
powerful a combined spectroscopic and quantum chemical approach can be for a well de-
¯ned system. Our research e®orts continue in this vein, since by ¯rst understanding the
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properties of this simple system in detail, we can begin to understand the properties of the
larger eumelanin system. Over time, improvements in computational methods will allow for
more accurate modelling of larger systems, and methods will be developed to isolate larger
quantities of the experimental samples of interest. We look forward to the advances that
this combined approach will bring.

12.2 Comparison with other model compounds

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

It was suggested some time ago, however, that we should consider looking to non-
biological systems for novel approaches to melanins. Zeise et al. suggested in 1992 that
carbon black particles might be an excellent model system, since they have many similar
properties to melanins, and have been well studied due to theircommercial importance
[122]. This, and several other systems that appear to have qualities 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 fromthe decay of plant and
animal matter. They are highly disordered, and exhibit the following spectroscopic features:

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

² A broad and featureless emission spectrum that decreases in intensity and shifts con-
tinuously to the red with decreasing excitation energy [334],very similar to melanins.

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

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

Although humic substances are biological in origin, they are not biologically functional in
the same way that melanins are (being mostly waste matter). Thismakes the similarity
between melanins and humic substances somewhat surprising. Nevertheless, we believe that
the similarities between these two systems makes it worth keeping a close eye on the literature
concerning humic substances for new theories, ideas and approaches.
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As for melanins, the broadband absorbance of humic substances remains unexplained,
although it has long been assumed to be due to chemical heterogeneity (as is proposed for
melanins in the chemical disorder model). Interestingly, a recent paper by Del Vecchio and
Blough reports laser photobleaching experiments that suggestthat a linear superposition of
absorption spectra from chemical disorder may not be su±cient to explain the broadband
absorption spectrum of humic substances [336]. They propose instead that the broadband
absorbance is due to a continuum of coupled states resulting from intramolecular charge-
transfer interactions, and hypothesise that this model is likely to also apply to melanins.
This is a fascinating proposal and certainly deserves further investigation. For this reason,
the application of hole burning techniques to melanins is discussed below.

12.2.2 Soots, carbon black and amorphous carbon

Soots and carbon black are the black carbonaceous byproducts obtained from the combustion
of fossil fuels. Soots are thought to be co-responsible for globalwarming processes (since
they strongly absorb UV and visible light in the atmosphere), and have therefore been
the topic of considerable interest in recent years. A great dealof recent research aims to
characterise the particles produced and their spectroscopic properties, and it seems that
soots, consisting mostly of carbon and hydrogen in a strongly disordered graphitic structure
[337], are extremely similar to melanins in many ways.

High resolution transmission electron microscope (HRTEM) images of soot particles ap-
pear to be remarkably similar to those of melanin particles. A fundamental crystallite unit
is commonly identi¯ed, consisting of 5-10 sheets of carbon atomswith an external size of
2 - 3 nm, very similar to the structures identi¯ed for melanins [338{340]. Typical HRTEM
images of soot particles are shown in ¯gure 12.2 for comparison with those of melanin in
¯gures 3.15 and 3.16 [341]. Note that both form graphitic sheetsand onion-like structures
[342, 343]. The formation of these structures in soot is known tobe strongly temperature
dependant (higher temperatures produce more ordered structures with lower curvature), and
it is fascinating to consider what equivalent processes might dictate structure at this level
in melanins. HRTEM has been so useful for the analysis of structure in these systems that
we have included it below as a technique that should be appliedmuch more extensively to
our system.

Studies on carbon blacks have shown direct links between nanostructure and optical
properties. ¾¡ ¾¤ transitions are known to occur in the far UV, between 60 and 100 nm,
whereas¼¡ ¼¤ transitions occur in the range 180 to 260 nm [344]. This lower energy band has
been shown to disappear for sp3/sp2 ratios less than 1, because the¼¡ ¼¤ band is lost in the
slope of the much more intense¾¡ ¾¤ transition; this may suggest that melanins have very
low sp3 character (since we have not observed a¼¡ ¼¤ peak in UV/visible absorption spectra)
[345]. The position of the lower energy band is also extremely sensitive to nanostructural
changes [346, 347]; for example, the graphitization process(heating to produce ordered
lattice planes) redshifts the absorption peak by 220 nm [348, 349], and the width of the
¼¡ ¼¤ transition is known to be strongly a®ected by the state of agglomeration [350, 351].
Secondary structure also signi¯cantly a®ects the complex refractive index of soot particles
[349, 352]. These features strongly suggest that detailed spectroscopic 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 1650±C (from [341]).

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

The way in which the nanoscale structure of soot particles in°uences other properties
has also been a topic of interest, including investigations of their electrical properties and
water adsorbability [337]. New techniques are constantly being developed and applied to
these carbon based systems; for example the near edge X-ray absorption ¯ne structure
(NEXAFS) spectrum of soot particles has recently been characterised, giving important
microstructural details such as the degree of graphitization[349, 353]. Electron energy loss
spectroscopy (EELS) has also been an extremely important technique for investigating the
relative amounts of sp2 and sp3 carbon hybridisation in soots for quantitative structural
analysis [345, 354].

Given the similarities of these systems to melanins, and the rapidly growing interest in
environmental monitoring and the impacts of pollution, we believe 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 whenapplied to melanins. Poly-
mer chemists are skilled at dealing with disordered systems with awide range of molecular
weights, and have developed methods and a nomenclature for characterising and describing
systems in terms of statistical averages, rather than strictly de¯ned structures. Methods
such as solid state NMR, Raman scattering, infrared spectroscopy, X-ray di®raction, TEM
and dynamic light scattering have all been applied to a wide variety of disordered organic
polymer systems with great success [355, 356]. Of these, we discuss dynamic light scat-
tering below, since we believe this has not been yet been applied to the melanin system.
Polymer scientists also continue to develop theoretical microstructural models for disordered
systems, and these could provide a wealth of inspiration for ways of modelling the melanin
system [357]. For these reasons, we propose that collaboration with polymer scientists with
experience working on disordered organic polymers could be extremely productive.

12.3 Application of speci¯c methods

An analysis of the literature regarding the model systems described above has highlighted
several experimental methods that might be successfully applied to 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 the nanostructure of carbona-
ceous materials because it is easy to interpret, and is so sensitive to subtle di®erences in
structure [341]. It has been extremely successfully applied to the analysis of soot particles,
and other carbonaceous materials and we believe that the initial meaurements made by our
group only begin to show how useful this technique will be for the analysis of nanoscale
structure in melanins.

12.3.2 Dynamic light scattering

Dynamic light scattering is a powerful method that is commonly used for measuring particle
sizes in colloidal solutions. In this method, a beam of light is scattered from the solution.
The intensity of the scattering varies over short time scales dueto Brownian motion of the
particles (which is strongly dependant upon particle size). The time that it takes a particle
to traverse the beam can be detected via the change in the scattering signal and the size of
that particle therefore determined [358]. We did attempt toapply dynamic light scattering to
melanin solutions through the course of our research but were hindered by the fact that the
particles appeared to be too small and weakly scattering to give su±cient signal. However,
the massive usefulness of this method to polymer scientists and biologists means that there
are continual improvements in the technology, and the latestinstruments are now reaching
the sensitivities required for measuring particles of the size thought to be present in melanin
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solutions [358, 359]. This may be another method that can be used for characterising our
system conveniently, rapidly and non-invasively under various conditions.

12.3.3 Hole burning spectroscopy

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

Our interest in this technique stems from the fact that it has been applied to humic
substances, with the results suggesting that the chemical disordermodel is not su±cient to
explain the broadband absorbance spectrum [336]. The authorsused a laser to selectively
destroy species absorbing at speci¯c wavelengths, and used absorption spectroscopy to follow
the photobleaching. They observed a variety of interesting features that were inconsistent
with the chemical disorder model including a high energy absorption band centered at 300 nm
for all species in solution, and absorption losses only within a broad hole near the irradiation
wavelength for short irradiation times. These intriguing results suggest that photobleaching
and/or hole burning spectroscopy could be an excellent probe of the chemical disorder model
for melanins. We propose that an extensive hole burning study of melanins could provide
genuine con¯rmation of the chemical disorder model.

12.4 Chapter conclusions

There are many interesting experiments that could be conducted for melanins, and we have
outlined in this chapter several that we believe might be most fruitful. The best approach is
likely to be a thorough investigation of literature concerning soots, carbon blacks, amorphous
carbon, and humic substances for an analysis of the methods and theories that have made
the most progress towards understanding these systems. Transmission electron microscopy,
dynamic light scattering and spectral hole burning are severaltechniques that appear to
show particular promise for melanins.
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13
Conclusions

Explaining the broadband absorbance of melanin

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

A second explanation for the broadband absorbance spectrum of melanin that has per-
petuated for decades is the amorphous semiconductor model. In this model, eumelanin is an
amorphous semiconductor that has an electronic band structure which gives rise to a broad-
band absorption spectrum. A review of the literature concerning the structure of eumelanin
(chapter 3) reveals that eumelanin consists of a highly heterogeneous collection of small
oligomeric species. As discussed in section 2.3, organic semiconductors are typically either
large polymers, or relatively structurally homogeneous smalloligomers. This casts doubt
upon the amorphous semiconductor model for eumelanin, although we cannot de¯nitively
eliminate this model based upon the evidence currently available.

The data presented in this thesis is most consistent with the chemical disorder model, the
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third and ¯nal explanation of the broadband absorption spectrum. In this model, broadband
absorbance is due to the superposition of the peaked absorption spectra of many chemically
distinct species. Detailed spectroscopic analysis of eumelanin,reported in chapters 6 and 7,
reveals a variety of features that are atypical for an organic chromophore, including

² violation of the mirror image rule,

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

² excitation energy dependance in the radiative quantum yield.

All of these features are logically explained by the chemical disorder model. We propose that
hole burning experiments may provide de¯nitive evidence forthe chemical disorder model
and should be conducted as future research (as discussed in chapter 12).

Through our investigation of the literature concerning the molecular structure of eume-
lanin (reported in chapter 3) we have come to appreciate thatthe structure of eumelanin
is poorly de¯ned. This hinders almost all analysis on this system and makes modelling
extremely challenging. We emphasise that the `stacked protomolecule' structural model of
eumelanins has become accepted as dogma in some cases, but the original experiments upon
which this model was based were not de¯nitive. Further con¯rmation of this model should be
sought before it is accepted, and the degree of chemical heterogeneity in this system should
be included more rigorously in future structural models. The techniques and nomenclature
used for the analysis of disordered polymers may be of signi¯cant use in this endeavour. Ad-
ditionally, transmission electron microscope (TEM) images of eumelanin suggest that this
technique shows great promise for the investigation of the structure of melanins.

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

In summary, of the three explanations of the broadband absorbance spectrum of eume-
lanin discussed in this thesis, the chemical disorder model is supported 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 of the dissipation process that
occur in melanins, with a particular focus on radiative dissipation. Previous measurements
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of the spectroscopic properties of eumelanin (such as emission and excitation spectra) have
shown a great lack in consistency due to a variety of e®ects. Two of the most signi¯cant
of these are re-absorption and inner ¯lter e®ects. We presented in chapter 6 a method to
correct for these, and showed that it is highly e®ective. This method has been applied to
perform the most accurate and detailed characterisation of the spectroscopic properties of
eumelanin to date, including

² emission spectra for a variety of excitation wavelengths,

² excitation spectra for a variety of emission wavelengths,

² the radiative quantum yield as a function of excitation wavelength,

² a UV/visible °uorescence map, and

² a UV/visible speci¯c radiative quantum yield map

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

Additionally, we reported in chapter 8 a detailed characterisation of the spectroscopic
properties of pheomelanin. Pheomelanin was discovered to exhibit a dual peaked emission
spectrum (as opposed to the single emission peak observed for eumelanin), 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, pheomelanin warrants further investigation,
and we have shown that spectroscopic methods provide a sensitive probe for this purpose.

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

Finally, in chapter 11 we reported preliminary research intothe non-radiative dissipation
processes in eumelanin. We conducted the ¯rst inelastic neutron scattering (INS) study of
eumelanin precursors, measuring the INS spectrum of indole-2-carboxylic acid (ICA) and
DHICA. The peaks in these spectra were assigned to vibrational modes calculated using
ab-initio density functional theory based upon our previous assignment ofthe INS spectrum
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of indole and other published vibrational spectra (infra-redand Raman). This study forms
a careful foundation for analysis of the vibrational properties of eumelanin in later studies.

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