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We report the transition dipole strength of eumelanin �the principal human photoprotective pigment� in the
ultraviolet and visible. We have used both theoretical �density functional� and experimental methods to show
that eumelanin is not an unusually strong absorber amongst organic chromophores. This is somewhat surpris-
ing given its role as a photoprotectant, and suggests that the dark coloring in vivo �and in vitro� of the
eumelanin pigment is a concentration effect. Furthermore, by observing the polymerization 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 significant implications for
our understanding of the photophysics of these important functional biomolecules. In particular, they appear to
be consistent with the recently proposed chemical disorder secondary structure model of eumelanins.
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I. INTRODUCTION

Melanins are a class of biological pigments that function
as photoprotectants in the skin, hair, and eyes of humans and
many other species �1–3�. They are also found in the inner
ear where they are important for hearing and in the brain
stem where deficiencies have been related to Parkinson’s dis-
ease �4,5�. The amount of melanin pigment in an individual’s
skin is very clearly linked to their risk of developing skin
cancer, although it is not clear if melanin is always photo-
protective: melanin has been shown to be photoreactive and
capable of producing damaging reactive oxygen species and
therefore could function as both photosensitizer and photo-
protector. �6�. Of the different types of melanin found in
human skin, eumelanin �a brown to black pigment� is the
most common and most widely studied and is therefore the
pigment of interest in this article.

Despite decades of research, several fundamental aspects
of the physical properties of eumelanin remain unclear �for a
recent review on the physics and chemistry of eumelanin, see
Ref. �7��. This is due in part to a number of inherently chal-
lenging material properties such as insolubility, structural
disorder, and broadband absorption �making spectroscopic
analysis difficult� �8�. In particular, the supramolecular struc-
ture of eumelanin remains a source of uncertainty which sig-
nificantly hampers attempts at theoretical and structural
analysis. Eumelanin is known to be a macromolecule of 5,6-
dihydroxyindole �DHI� and 5,6-dihydroxyindole-2-
carboxylic acid �DHICA�, but the manner in which these
units combine �here referred to as the secondary structure in
a nomenclature borrowed from proteins� is uncertain �9�.

Eumelanin exhibits a broadband absorption spectrum that
increases towards the UV �Fig. 1�. This is unusual amongst
organic chromophores which typically possess identifiable
absorption peaks corresponding to transitions between dis-
tinct electronic energy levels �broadened by interactions with

the solvent and/or environment�. Eumelanin, however, has
no distinct peaks within the UV and visible frequency range.
Humic substances �decayed plant and animal matter� have
similarly unusual optical properties �10–15�. It has been pro-
posed that this somewhat unusual spectrum is caused by op-
tical Mie and Rayleigh scattering �16�. However, it has re-
cently been shown that scattering does not contribute
substantially to the extinction coefficient of eumelanin �17�.
For more than three decades melanins have been considered
amorphous semiconductors �18–23�. This description was
�and continues to be� motivated by the observation of thresh-
old switching �24� and a pronounced UV-visible light photo-
voltaic response �25–27�. In this model the semiconductor
electronic band structure provides a sufficient �but certainly
not necessary� explanation for the observed broadband ab-
sorbance. More recently, the chemical disorder model has
also provided a natural explanation for the optical properties
of eumelanin �28�. In this model, the pigment is essentially
an ensemble of chemically distinct oligomeric macromol-
ecules each with an individual highest-occupied-molecular-
orbital- �HOMO-� lowest-unoccupied-molecular-orbital
�LUMO� gap energy and related transition dipole moment
for the first excited state. A small number �of the order of 10�
of these macromolecular species with inhomogeneously
broadened excitation transitions could account for a smooth,
monotonic absorption profile extending from the UVB to
NIR �Fig. 1�.

The work described in this article is motivated by a desire
to probe the chemical disorder hypothesis and specifically
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 first order, if
eumelanin were 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 mea-
sured the extinction coefficients for a number of species,
namely, synthetic eumelanin, DHICA �as a monomer and
during its polymerization to eumelanin�, tyrosine, and fluo-
rescein �a strongly fluorescent, well-characterized dye, used*riesz@physics.uq.edu.au
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here as a standard for comparison�. Chemical structures of
these molecules are shown in Fig. 2. From these spectra we
have extracted dipole strengths, transition dipole moments,
and oscillator strengths. In addition, we have measured pho-
toluminescence spectra for tyrosine, fluorescein, and eumela-
nin and used these to determine radiative rates and lifetimes.
These have been compared to literature values for verifica-
tion of our methods. For a final comparison, transition ener-
gies and dipole strengths of these compounds have been pre-
dicted from first principles via density functional theory.

II. THEORY

The extinction coefficient of a solution � as a function of
frequency � can be determined from the experimentally mea-
sured absorbance �A, dimensionless� via

���� =
A���
lC

, A��� = − log10� I

I0
� , �1�

where l is the path length over which the absorbance occurs
�the distanced light travels through the sample�, I / I0 is the
fraction of light not absorbed in that path length, and C is the
concentration of the solution. In these calculations it is im-
portant to be careful with units, since a variety are used both
in the experimental and theoretical literatures. We will there-
fore be very explicit about the units used throughout this
section. If the concentration in Eq. �1� is in moles per liter
�mol/L� the extinction coefficient will be in the typically
used units of L mol−1 cm−1. The extinction coefficient is thus
a concentration and path length independent measure of the
optical attenuation of a material �although it may be affected
by the choice of solvent�.

The dipole strength of an electronic transition �D, in units
of C2 m2� can be determined from an experimentally mea-
sured absorption spectrum via the following expression
�30,31�:

D =
3�0�c

�NA
n�

��

����
�

d� , �2�

where all constants are in SI units, ���� is the extinction
coefficient expressed in m2 mol−1, �� is the frequency range
over which the transition occurs, and n is the average refrac-
tive index of the solvent in a region of space around the
chromophore of the order of an optical wavelength �we ap-
proximate this here by the refractive index of the bulk sol-
vent�. 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 m2 mol−1=10 L mol−1 cm−1. D may be converted to the
commonly used units of D2 via 1 D2=1.1127�10−59 C2 m2.
From the dipole strength one may then determine the mag-
nitude of the transition dipole moment �ij =e	j
r�
i� between
two states 
i� and 
j�,

D = 
�ij
2. �3�

Note that for clarity we have suppressed the subscripts i and
j on D and other parameters where they are understood. We
can also determine the dimensionless oscillator strength f

f = �4�me�

3e2�
�D , �4�

where e and me are the charge and mass of an electron,
respectively, � is the frequency of the transition, and all val-
ues are in SI units �including D in C2 m2�.

A. Radiative rates

The radiative rate of a material in a medium of index n is
given by the Strickler-Berg relation �30�

A =
1

4��0

64�4n	�−3�−1

3hc3 D , �5�

where all quantities are in SI units �including D in C2 m2�. A
is the radiative rate in s−1 and the angular brackets indicate
an average weighted by the emission spectrum

FIG. 1. The extinction coefficient of eumelanin vs frequency
�solid� with multiple Gaussian fitting �dotted� �experimental spec-
trum as reported in Ref. �29��. The chemical disorder model sug-
gests that the broadband absorption spectrum of eumelanin can be
reproduced by the summation of multiple Gaussian spectra with
widths typical of solvent broadening for organic chromophores �9�.
In order for this model to be consistent with the observed data,
those species absorbing at higher energies must have either a higher
abundance or larger oscillator strengths to produce the monotonic
increase in the absorption towards higher energies.
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FIG. 2. 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 pre-
cursor. Fluorescein is a commonly used organic dye and quantum
yield standard.
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	�−3�−1 =
� f���d�

� �−3f���d�

, �6�

where f��� is the emission spectrum. A is also known as the
Einstein coefficient of spontaneous emission �31�. The life-
time of the excited state �	� is then given by

	 =



A
, �7�

where 
 is the radiative quantum yield �the ratio of photons
emitted to photons absorbed by a material� �32�.

B. The effect of the solvent

The dipole strength of a chromophore in solution may be
changed from the intrinsic dipole strength of the isolated
chromophore �gas phase�. To a good approximation, al-
though different solvents will change the position and width
of the absorption peaks �and hence the extinction coeffi-
cient�, in the absence of specific solute-solvent interactions
�such as hydrogen bonding or conformational changes� the
change in dipole strength of the chromophore in solution
depends only on the solvent refractive index �33,34�. This
result can be obtained from “reaction-field-type” models
�35�, modeling the solvent as a bath of harmonic oscillators,
for which sum rules can be obtained �36�. The dipole
strengths obtained experimentally in this paper are therefore
expected to differ from those of an isolated molecule, as
calculated by NRLMOL. Corrections may be possible through
a reaction-field-type calculation �33,37�.

III. EXPERIMENTAL

A. Sample preparation

1. Eumelanin

Synthetic eumelanin powder was purchased from the
Sigma Chemical, Co. �lot No. 60K1383, prepared by oxida-
tion of tyrosine with hydrogen peroxide� and used without
further purification. The powder was solubilized to form a
0.1% solution �by weight� in pH12 NaOH �the lowest pH at
which the powder would solubilize properly, hence avoiding
scattering effects �17�� and sonicated for approximately
15 min. to ensure complete solubilization. This stock solu-
tion was then diluted to concentrations �by weight� of 0.001,
0.0025, and 0.005 %. The integrated scattering was measured
directly and found to be negligible �17�. The dipole strength
was determined for each solution over the frequency range
indicated in Table I and averaged to give the reported value.

2. DHICA

DHICA was synthesized as reported by Tran et al. �28�. It
was solubilized in pH 9 NaOH at a 2 mM concentration. The
absorbance was measured and scaled using a published value
for the extinction coefficient at the 316 nm peak �38�. The
oxidative polymerization of this solution was monitored by

the extraction of aliquots at 0, 0.5, 1, 2, 4, 8, 12, 24, 51, and
74 h. For a more complete experimental method see Ref.
�28�.

3. Tyrosine

D-Tyrosine �99%, batch 14424MA� was purchased from
Aldrich and solublized in 1 M HCl to a concentration �by
weight� of 0.0025%.

4. 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
Fig. 2 �39�. Fluorescein �Aldrich, F2456–100G, Batch
09014PA, Dye content around 95%� was solubilized in
0.1 M NaOH solution and diluted to give five 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 I and averaged to give
the reported value.

B. Steady state spectroscopy

Absorbances were measured between 200 and 800 nm in
a 1 cm square quartz cuvette using a Perkin Elmer Lambda
40 UV/VIS spectrometer with a scan speed of 240 nm/min
and a slit width of 3 nm bandpass. The appropriate solvent
was also measured for each material and used for back-
ground subtraction. Emission spectra were measured as de-
scribed in Ref. �29�.

TABLE I. Absorption parameters as defined in the theory sec-
tion extracted from extinction coefficients in Fig. 3 �D: dipole
strength, �: 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 experi-
mental data were performed to determine the dipole strength and
other parameters are as listed ����. Data in brackets are from Ref.
�54� over the same frequency range for comparison. Discrepancies
between these results and those found in literature may be attributed
to difference in solvents �which can affect the dipole strength via
second order effects� and uncertainty in concentration. Since the
secondary structure of eumelanin is unknown it is necessary to de-
termine these parameters in terms of N, the average number of
monomers per oligomer �as described in the 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 fluorescein �140�. This suggests that eumelanin
is not an exceptionally strong absorber as might have been assumed
due to its photoprotective biological role.

D
�Debye2�

�
�Debye�

f
�dimensionless�

��
�1015 Hz�

Tyrosine 1.6 1.3 �1.04� 0.027 �0.019� 0.375 to 1.2

Eumelanin 37N 6.1�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
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C. Time resolved photoluminescence

The excited state lifetimes were measured as follows. The
sample was 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 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 band-
pass filter, then used to excite the eumelanin solution con-
tained within a quartz cuvette. The cuvette was measured
inside the enclosed cuvette holder �PicoQuant GmbH Ru-
dower Chausse 29, Fluotime 200� with inbuilt detection sys-
tem �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 instru-
ment 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 multiexpo-
nential fluorescence decay fitting software PICOQUANT FLU-

OFIT.

IV. DENSITY FUNCTIONAL THEORY CALCULATION
DETAILS

First principles density functional theory calculations
were performed using the Naval Research Laboratory mo-
lecular orbital library �NRLMOL� �40–47�. NRLMOL performs
massively parallel electronic structure calculation using
Gaussian orbital methods. We fully relaxed the geometry
with no symmetry constraints using the Perdew, Burke, and
Ernzerhof �PBE� �48� exchange correlation functional, which
is a generalized gradient approximation �GGA� containing
no free parameters.

In the calculations presented in this paper we use the
Porezag-Pederson basis sets �49� which have been carefully
optimized for the PBE-GGA energy functional using a varia-
tional energy criteria. As discussed in Ref. �49�, for each
atom, the basis sets are optimized with respect to the total
number of Gaussian-decay parameters, and with respect to
variation of these parameters and the so-called contraction
coefficients. There are roughly of triple to quadruple zeta
quality. As compared to other Gaussian-basis sets, a key im-
provement in the PP optimization scheme is that the resulting
basis sets satisfy what is now referred to as the Z10/3 theorem.
This theorem �49� discusses proper scaling of the Gaussian
exponents near the nuclei as a function of atomic charge. It
has been shown that the resulting PP basis sets exhibit no
superposition error and alleviate the need for counterpoise
corrections in weakly bound systems. While optimized for
PBE-GGA, these basis sets have been tested in HF calcula-
tions on polarizabilities as well �50�. The PBE-GGA opti-
mized basis sets deliver HF results in excellent agreement

with numerical basis sets �atoms� and polarizabilities of mol-
ecules �50�. Basis sets are available upon request.

Minimum energy structures were calculated for DHICA,
tyrosine and fluorescein �chemical structures shown in Fig.
2�. We then calculated the strength of each absorption line as
the sum over all states of both levels �51� �recall �ij
=e	j 
r� 
 i��

Sij = Sji = 
ij

�ij�ij . �8�

This quantity can be related to the radiative rate A �the Ein-
stein coefficient� via

Ajigj =
64�4�3

3hc3 Sji =
2.02 � 1018

��3 Sji� , �9�

where no summation over repeated indicies is implied. In the
final expression �� is measured in Å and Sji� is in atomic units
�51�. The degeneracy gj is treated explicitly by NRLMOL. The
radiative rate A can be related to the dipole strength via Eq.
�5� to give the following expression for the dipole strength:

Dij = 6.438Sij� , �10�

where D is in D2 and S� is in atomic units. The dipole
strengths of all transitions with energies in the experimental
frequency ranges �see Table I� were summed to give the
dipole strength values given in Table II.

V. RESULTS AND DISCUSSION

A. Extinction coefficients

Figure 3 compares the measured extinction coefficients
for tyrosine, eumelanin, fluorescein, and DHICA as deter-
mined experimentally according to Eq. �1�. The extinction
coefficients for all compounds are in good agreement with
literature values �8,52–54�, both qualitatively and quantita-
tively. The extinction coefficient of eumelanin is reported
here per monomer, where the molar weight of a monomer is
taken to be the average molar weight of DHI and DHICA
�171 g mol−1�, since we assume that our sample consists of
an even mixture of these monomers �55–57�. For such a
macromolecule, this is the most meaningful way to express
the extinction coefficient. Note the broadband shape of the
eumelanin spectrum compared with the more typical peaked

TABLE II. The transition dipole strengths �DDFT� and frequen-
cies ��� for tyrosine, DHICA, and fluorescein predicted by DFT.
Only the most prominent transitions �those with significant magni-
tude� in the experimental ranges used in this study are listed.
HOMO-LUMO gap for DHICA has been previously reported �65�.

DDFT �Debye2� � �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
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spectra of the other organic chromophores. Knowing that our
measured extinction coefficients are in good agreement with
previously published values, we can now determine other
parameters from this data with confidence.

B. Transition dipole strengths

Dipole strengths, transition dipole moments, and oscilla-
tor strengths for each of these compounds were determined
from the measured extinction coefficients according to Eqs.
�2�–�4�, and are shown in Table I. 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 �171 g mol−1�. The
extinction coefficient and other parameters discussed in Sec.
II then become functions of N, and are expressed as such in
Tables I and IV. Values in brackets for tyrosine and fluores-
cein are from Ref. �54� for comparison. Our results are con-
sistent with literature values; discrepancies can be attributed
to differences in solvent �which may affect the dipole
strength via second order effects�. Refer to the discussion in
the theory section for more details.

Note that the parameters shown in Table I are usually
calculated over a particular single transition, whereas for eu-
melanin this is unachievable due to the broadband shape of
the absorption spectrum. For typical compounds, the extinc-
tion coefficient is small outside of a clear peak, and hence
increasing the integration range will not greatly affect 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 to 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 fluorescein exhibit clear peaks, so that the in-
tegration range is not particularly important.

Transition dipole moments and oscillator strengths have
also been included in Table I since these are other commonly
used measures of the same parameter. Note that if eumelanin
forms large polymer structures this would make the number
of monomers per oligomer �N� very large, and hence the
dipole strength very large. This does not mean, however, that
the polymerization process enhances the absorption of a so-
lution of eumelanin relative to its precursors, since as the
polymerization process occurs the total number of species in
the solution decreases. This means that although the dipole
strength increases, the concentration decreases in such a way
that the optical density of the solution may stay approxi-
mately constant.

In summary, the dipole strength per monomer of eumela-
nin over the UV/ visible range was determined to be approxi-
mately 40 D2 �Table I�. This is greater than the dipole
strength of tyrosine �1.6 D2�, comparable to that of DHICA
�31 D2�, and less than that for fluorescein �140 D2�. These
results suggest that eumelanin is neither an exceptionally
strong absorber �as one might expect due to its biological
role as a photoprotectant�, nor exceptionally weak.

C. Transition dipole strengths from density functional theory

First principles quantum chemistry calculations are rou-
tinely used as a standard tool for assessing such properties of
materials as optical and electrical parameters, electronegativ-
ity, hardness, softness, molecular energetics and other prop-
erties �58�. Here we use density functional theory �DFT� to
assess whether our experimentally determined optical param-
eters are in agreement with quantum chemical models for
these systems. This provides important validation of our ex-
perimental 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 characterized molecules
examined here were calculated using DFT, and are listed in
Table II. More than one transition was predicted to lie within
the experimental frequency ranges, most of which had neg-
ligible dipole strengths. Hence only those predicted to have
substantial magnitudes are listed. The fourth column lists the
main transitions that are predicted to make substantial con-
tributions 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 fluorescein. Similarly, for
both DHICA and fluorescein the HOMO−1 to LUMO tran-
sition makes the next most intense contribution to the dipole
strength, and is located close in energy to the HOMO to
LUMO transition. For tyrosine, however, all higher energy
transitions with substantial intensity were far removed from
the initial peak, occurring at much higher energies and close
to the upper bounds of the experimental frequency range.
With the known tendency of DFT to underestimate energy
gaps �as discussed below�, we believe that these higher en-
ergy transitions were not related to the experimentally mea-

FIG. 3. The extinction coefficients of synthetic eumelanin
�solid�, DHICA �dot-dash�, tyrosine �dotted�, and fluorescein
�dashed�. The inset shows DHICA, eumelanin, and tyrosine data
with a different vertical scale �not visible on full plot due to the
order of magnitude greater extinction coefficient of fluorescein
compared to the other samples�. For eumelanin, the extinction co-
efficient is expressed per monomer. Note the unusual broadband
shape of the eumelanin spectrum as compared with the peaked
spectra of the other organic molecules. These spectra are in quali-
tative and quantitative agreement with those in literature �8,52–54�.
The much greater magnitude of the fluorescein extinction coeffi-
cient is reflected in its much larger dipole strength �see Table I�.
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sured extinction coefficient peaks, and hence have not been
considered in this analysis. It is curious that tyrosine differs
qualitatively from DHICA and fluorescein; we believe this is
an interesting topic for further investigation.

The electron densities calculated by DFT of the important
molecular orbitals for these molecules are shown in Fig. 4.

For DHICA and fluorescein the HOMO to LUMO and
HOMO−1 to LUMO transitions are those predicted to make
significant contributions to the dipole strength. It is clear that
the electron densities of each of these three important mo-
lecular orbitals for DHICA and fluorescein have nodes in the
plane of the molecule, and therefore can be attributed to �
orbitals. This suggests that both of these transitions are �-�*,
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, fluorescein shows a significant movement
of electron density from one part of the molecule to the other
in both the HOMO to LUMO and HOMO−1 to LUMO tran-
sitions.

The electron densities for tyrosine are more difficult to
interpret because this molecule has a nonplanar section. All
three molecular orbitals appear to have � character, however,
indicating that the HOMO to LUMO+1 transition �the only
transition of experimental relevance with significant inten-
sity� is also a �-�* transition. Interestingly, both the HOMO
and LUMO+1 appear to have the electron density localized
largely on the aromatic group, whereas the LUMO �not in-
volved in any significant transitions� has electron density lo-
calized on the nonaromatic tail group.

Transition dipole strengths and frequencies for each of
these molecules calculated from DFT are shown in Table III,
compared with those determined from the experimentally
measured extinction coefficient for these molecules. It can be
seen that PBE-DFT consistently underestimates the energy
gap by �10–30 %, as is typically observed �59�. Due to
broadening of experimental data we must choose an integra-
tion range to achieve a quantitative comparison of these DFT
predicted dipole strengths to experiment. Since there were
multiple transitions predicted for the energy ranges used ex-
perimentally, the dipole strengths of all transitions in the
range for DHICA and fluorescein were summed to give the
value for comparison to experiment, as shown in Table III.
For tyrosine, the positioning of the DFT predicted peaks sug-
gested that only the HOMO to LUMO+1 transition should
be compared to the experimental data �as discussed above�.

We emphasize that DFT is a theory of the ground state,
however it can reproduce trends in excited state behavior
�including transition energies and dipole strengths� �60,61�.
It is clear from Table III that although DFT does not give

(a)

(b)

(c)

FIG. 4. �Color online� Electron densities of important molecular
orbitals as calculated by NRLMOL. The HOMO to LUMO+1 tran-
sition is predicted to be that with substantial oscillator strength for
tyrosine as shown in Table II; the tyrosine LUMO is also shown for
comparison to DHICA and fluorescein. The HOMO to LUMO and
HOMO−1 to LUMO transitions are predicted to be those with sub-
stantial oscillator strengths for fluorescein and DHICA, as shown in
Table II. Red: oxygen, blue: nitrogen, green: carbon, white:
hydrogen.

TABLE III. Dipole strengths D calculated using density functional theory �in vacuum DDFT� compared with experiment �in solution
Dexp�. ��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 fluorescein 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 relevant to the
experimental spectrum. Essential trends in the dipole strength are reproduced by the DFT results. The frequency where the main peak occurs
experimentally ��av, experimental� can be compared to the frequencies for the main DFT predicted transitions ��av, DFT�; as has been
previously observed DFT consistently underestimates the magnitude of the energy gap but reproduces trends correctly �59�.

Experiment DFT

Dexp �Debye2� �av �1015 Hz� ��exp �1015 Hz� DDFT �Debye2� �av �1015 Hz� Transitions used for DDFT

Tyrosine 1.6 1.09 0.38 to 1.2 11 0.987 �=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
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strong quantitative agreement with the dipole strengths mea-
sured experimentally �particularly for tyrosine�, it does re-
produce the experimentally observed trends, giving the
smallest dipole strength for tyrosine, and the largest for fluo-
rescein. This shows that DFT is an appropriate tool for quali-
tatively modeling 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
is not observed between DFT results and experiment. As
exemplified in Ref. �50� 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
�Eq. �9�� which also depends quadratically upon these ele-
ments. Therefore deviation between theoretical and experi-
mental trends in Table III, particularly tyrosine, must be
viewed as inexplicably large in comparison to 10–30 % de-
viations 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-dependent DFT
�TDDFT� has been shown to be effective for predicting ex-
cited state properties such as transition energies and optical
absorption spectra �62�. Further, Yabana and Bertsch have
shown that TDDFT reproduces dipole strengths of �-�*

transitions for conjugated carbon molecules with a typical
accuracy of �20% �63�. The fact that TDDFT only repro-
duces dipole strengths in �-�* transitions for conjugated car-
bon 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. �64� have recently cal-
culated the oscillator strengths for several oxidized forms of
DHICA using state averaged complete active space calcula-
tions �SA3-CAS�4,3�� and multireference perturbation theory
�MRPT2�. These methods should be expected to provide
higher accuracy than either DFT or TDDFT. However, Olsen
et al. find 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
solely due to the limitations of DFT. Understanding the ori-
gin of this deviation should be a future effort.

D. Prediction of radiative rates and lifetimes

Radiative rates and lifetimes were determined for eumela-
nin, tyrosine and fluorescein using previously measured
emission spectra, and quantum yield values �29,32,54� in ad-
dition to the extinction coefficients reported here, as outlined
in the theory section. These are shown in Table IV. The
radiative quantum yield of eumelanin is known to vary with
excitation wavelength �29� �this is an unusual property for an
organic chromophore �66��. For calculations here, the value
at �ex=380 nm has been used �where �ex is the excitation
wavelength�. A and 	 for fluorescein agree well with litera-
ture values which lends credibility to our values for eumela-
nin. Similarly, the lifetime predicted for tyrosine is consistent
with the reported literature value.

For a further comparison of the parameters determined
from the extinction coefficient, 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 V. The predominant lifetime is the shortest:
85 ps. This is of the order of the instrument response, such
that the actual predominant lifetime may be much shorter.
These results are consistent with those reported by Forest
�68� �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 lifetime of eumelanin determined from the
absorption and emission spectra is consistent with the di-

TABLE IV. Radiative rates �A� and lifetimes �	� calculated from emission and absorption spectra of eumelanin, tyrosine, and fluorescein.
�ex is the excitation wavelength and 
 is the radiative quantum yield. The extinction coefficient and fluorescence spectra for tyrosine used
for these calculations are from Ref. �54�. The directly measured lifetimes agree to within an order of magnitude with those determined from
the extinction coefficients, which is good considering that many parameters �such as the absorption coefficient, radiative quantum yield, and
the solution concentration�, each with their own uncertainties, enter into determining this value. Also, we have used a first order theory that
does not take higher order effects into account. Therefore, we are satisfied with this level of agreement with literature.

�ex �nm�
A �ns−1� 


�literature�
	

�these results� �literature� �these results� �literature�

Eumelanin 380 0.13N �6.42±0.3��10−4 �29� 4.9N−1 ps �85 ps �29�
Fluorescein 490 0.38 0.221 �32� 0.92±0.02 �32� 2.4 ns 4.2 ns �32�
Tyrosine 274 0.0082 0.13 �52� 16 ns 3.4 ns �52,67�

TABLE V. Multiexponential fit parameters for the experimen-
tally measured photoluminescence 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 life-
times and that determined from the absorption and emission spectra
is consistent with the broadband absorption spectrum being elec-
tronic in origin.

Lifetime �ns� Relative amplitude

�0.085 51%

0.93 27%

3.5 17%

9.8 5.2%
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rectly 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 nonelec-
tronic phenomenon �as has been suggested due to the broad-
band shape of the eumelanin absorption spectrum �16��. This
has since been shown to be the case �69�; the optical density
of a eumelanin solution is predominantly due to electronic
transitions and not a scattering phenomenon. The successful
prediction of the lifetimes and radiative rates for eumelanin
and the other compounds studied here indicates that the di-
pole strengths determined from this same data are reliable.

E. 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 ex-
tinction coefficient as it evolves over time is shown in Fig. 5.
The shape of the DHICA spectrum �measured at the initial
time� is in good agreement with published spectra �38,70�,
and as it reacts it shifts towards the eumelanin spectrum
�both in shape and magnitude�, as would be expected. Note
that the extinction coefficient is plotted per monomer, since
this is a more meaningful parameter for a macromolecule
than the absolute extinction coefficient.

The dipole strength per monomer was determined at each
time point, and is plotted in Fig. 6 for different choices of
UV cutoff frequency. Note that although the absolute magni-
tude of the eumelanin dipole strength is affected by the
choice of integration range, the relative change in dipole
strength over the course of the reaction is more robust. The
dipole strength per monomer increases by approximately
20% over the course of the reaction �the increase is between
12 and 26 % for the UV cutoff frequencies we have consid-
ered�. The dipole strength tends towards the value measured
for eumelanin, as would be expected �when the same UV
cutoff frequency is used for both�.

This data indicates that eumelanin exhibits hyper-
chromism; the reaction process enhances 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 Ref. �71��. The observed hyperchromism of
eumelanin is interesting; biopolymers often exhibit hypo-
chromism �decrease in UV and visible dipole strength per
monomer upon polymerization� of a similar magnitude to the
hyperchromism we observe for eumelanin �5–10 % for poly-
styrene �72,73�, 19–25 % for poly�N-vinylcarbazole� �74�,
and 40% for DNA �71��. The hypochromism in these mol-
ecules is thought to be related to the formation of �-stacking
interactions, which reduce the oscillator strength due to the
parallel and adjacent arrangement of transition dipoles of the
neighboring molecules �75–78�. Hyperchromism, on the
other hand, can occur when the dipoles of neighboring mol-
ecules are arranged along the same axis and one behind the
other. The hyperchromism observed for eumelanin might
therefore be due to the edgewise association of DHICA mol-
ecules, forming planar oligomers. A slight hypochromism is
also observed at later times, which may suggest subsequent
� stacking of planar oligomers. We wish to emphasize, how-
ever, 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 cutoff
frequency. We therefore caution that these results should not
be over analyzed without first measuring the extinction co-
efficient further into the UV.

14x10
3

12

10

8

6

4

2

E
xt

in
ct

io
n

C
oe

ffi
ci

en
t(

L
m

ol
-1

cm
-1

)

1.4x10
15

1.21.00.80.6
Frequency (Hz)

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

FIG. 5. The extinction coefficient per monomer of DHICA as it
undergoes oxidative polymerization to form eumelanin. The ini-
tially peaked DHICA spectrum gradually shifts towards the broad-
band eumelanin spectrum, but does not change substantially in in-
tegration area. Dipole strengths determined from this data are
shown in Fig. 6.

FIG. 6. The dipole strength per monomer of DHICA over time,
as it reacts to form eumelanin, determined using different UV cutoff
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 strength is, however, more robust, showing that eumelanin
exhibits between 12 and 26 % hyperchromism �increase in dipole
strength with polymerization�.
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Eumelanin’s hyperchromism could be related to its role as
a biological photoprotectant �an increase in absorption
strength upon polymerization 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 important than the evolution from a
peaked spectrum to a more broadband absorption spectrum.
Most significantly, these results are consistent with the
chemical disorder structural model for eumelanin �9�. In this
model, the broadband absorption spectrum of eumelanin is
produced by the summation of the �peaked� spectra of many
distinct chemical species. These species are suggested to be
small oligomers of DHI and DHICA �Fig. 2� 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.

VI. CONCLUSIONS

We have shown that the dipole strength of eumelanin is
not exceptional compared to other biologically relevant mol-
ecules. The dark coloring and photoprotection in the skin and
hair of humans and other species must therefore be the result

of a concentration effect. Our results also suggest that the
highly unusual broadband absorption spectrum of eumelanin
is electronic in origin, and not caused by scattering or other
nonelectronic processes, as has been suggested. 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 significantly, the
small magnitude of this hyperchromism is consistent with
the currently favoured secondary structural model of eumela-
nin �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 absorp-
tion spectrum of eumelanin makes it capable of acting as an
optical filter, protecting biological tissue from optical dam-
age.
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