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ELECTRONIC PROPERTIES OF RANDOMPOLYMERS: MODELLING OPTICAL SPECTRAOF MELANINSKinga Bo
henek and Ewa Gudowska-NowakM. Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Polande-mail: kinga�indigo.if.uj.edu.plgudowska�th.if.uj.edu.pl(Re
eived November 25, 2002)Melanins are a group of 
omplex pigments of biologi
al origin, widelyspread in all spe
ies from fungi to man. Among diverse types of melanins,the human melanins, eumelanins, are brown or bla
k nitrogen-
ontainingpigments, mostly known for their photoprote
tive properties in human skin.We have undertaken theoreti
al studies aimed to understand absorptionspe
tra of eumelanins and their 
hemi
al pre
ursors. The stru
ture of thebiopigment is poorly de�ned, although it is believed to be 
omposed of
ross-linked heteropolymers based on indolequinones. As a basi
 modelof the eumelanin stru
ture, we have 
hosen pentamers 
ontaining hydro-quinones (HQ) and/or 5,6-indolequinones (IQ) and/or semiquinones (SQ)often listed as stru
tural melanin monomers. The eumelanin oligomershave been 
onstru
ted as random 
ompositions of basi
 monomers and op-timized for the energy of bonding. Absorption spe
tra of model assemblieshave been 
al
ulated within the semiempiri
al intermediate negle
t of dif-ferential overlap (INDO) approximation. Model spe
trum of eumelaninhas been further obtained by sum of independent spe
tra of singular poly-mers. By 
omparison with experimental data it is shown that the INDO/CImethod manages to reprodu
e well 
hara
teristi
 properties of experimentalspe
trum of syntheti
 eumelanins.PACS numbers: 87.15.�v, 31.10.+z, 31.15.Gy, 36.20�r1. Introdu
tionMelanins are ubiquitous natural pigments formed by oxidation and poly-merization of 
ate
hols [1, 2℄. Bla
k or dark brown nitrogen-
ontainingmelanins are 
lassi�ed as eumelanins distin
tly from pheomelanins � whose(2775)
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henek, E. Gudowska-Nowaklighter 
oloring originates from intervention of 
ysteine in the pro
ess ofmelanogenesis, and allomelanins � whi
h originate from nitrogen-free pre-
ursors and are typi
al of plants and mi
roorganisms. The melanogens,un
olored pre
ursors of melanins of the animal kingdom, are diphenols de-rived from phenylalanine and from tyrosine. The melanin pigments areamorphous substan
es of remarkable ability to absorb almost indis
rimi-nately near-infrared, visible and ultraviolet radiation [2,3℄. Exploiting theseproperties of melanins has proven to be a 
omplex task, sin
e despite sig-ni�
ant experimental e�ort on a variety of natural and syntheti
 melanins,the mole
ular stru
ture of the pigment and its organization remains still un-known. Poorly understood are also fun
tional properties of natural melaninpigments whi
h 
all for attention be
ause of their both photoprote
tive andphotosensitizing properties.In this paper we will fo
us on hypothesis whi
h 
on
ludes on spe
tro-s
opi
 properties of melanins assuming their polymeri
 amorphous stru
-ture. Our studies 
on
ern eumelanins whi
h are known as 
omplex broad-band absorbers, frequently subje
t to ex
itation in its native environments.Eumelanin is mainly derived from 5,6-dihydroxyindole (DHI; for simpli
itynamed also hydroquinone, HQ) and 5,6-dihydroxyindole-2-
arboxyli
 a
id(DHICA) [4℄. The detailed stru
tural properties of this polymer are stillunder study be
ause of un
lear 
ovalent and ioni
 
on�gurations of HQ andDHICA monomers within the natural eumelanin unit. It is possible, how-ever, to produ
e syntheti
ally pure DHI or DHICA melanin. In this respe
t,theoreti
al studies presented in this paper relate to syntheti
 eumelaninsthat are free or almost free from the DHICA 
ontribution in the stru
ture.Absorption bands of eumelanins have been re
ently [5�7℄ shown to de-pend on di�erent levels of aggregation reported in s
anning ele
tron mi-
ros
opy studies. The proposed aggregation stru
ture is generally viewedas a mole
ular system 
ontaining 3�4 oligomers, often referred to in litera-ture [6,7℄ as the fundamental aggregate. The hypotheti
al pigment stru
tureis then believed to be assembled from these � sta
ked, 
ross-linked units. Inan earlier attempt to explain ele
troni
 (and opti
al) properties of melanins(
f. Fig. 2), a band model [8, 9℄ viewing melanins as amorphous semi
on-du
tors has been proposed. In fa
t, melanins 
an be 
onsidered as mixturesof more or less similar polymers, apparently made up of di�erent stru
turalunits linked through heterogenous non-hydrozable bonds. The latter arethe result of the polymerization of indole-type rings in both, the quinoneand hydroquinone oxidation state, randomly 
ross-linked and piled. Theo-reti
al 
ontributions on a spe
ulative model [10, 11℄ pi
tured eumelanins asa linear 
hain semi
ondu
ting polymer. Extrapolating the bonding 
hara
terof the lowest uno

upied mole
ular orbital (LUMO) of one parti
ular dimerof 5; 6-indolequinone to the lowest 
ondu
tion band of the in�nite polymer,
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Fig. 1. Experimental steady state absorption spe
trum of syntheti
 DOPA melaninre
orded using a UV-Vis spe
trophotometer with an a

ura
y of 2nm.Pullman and Pullman [11℄ have pointed out the tenden
y of su
h a melaninmodel to be an ele
tron a

eptor that 
ould explain trapping of free radi
als
hara
teristi
 for the natural and syntheti
 pigments.More re
ent studies along similar lines have been performed by Galvãoand Caldas [12�14℄. Using the Hü
kel �-ele
tron approximation and theparametrization of Pullman [11℄, the authors studied the ele
troni
 stru
-ture of a family of ideal ordered polymers arising from the indolequinone indi�erent redox states. It has been shown that the dire
tion of polymerizationbegins to emerge as the length of the polymer in
reases. The authors pointedout also that the redox state of the melanin units played a role in its bandstru
ture, as e.g. the polymer built from 5,6-dihydroxyindole units exhibitedlarger gaps and narrower bands, whereas �nite 
hains of semi-quinone unitsexhibited bonding 
hara
ter of their LUMO.Some limitation of this approa
h is the assumption of planarity of melaninpolymers, whi
h in most 
ases does not need to be the 
ase. In fa
t, stru
-tural modeling of eumelanins based on 
omparing 
al
ulated data of theredu
ed stru
ture fa
tor and radial distribution fun
tion for limited randomnetwork models with the experimental X-ray s
attering data [15℄ suggestthat planar models 
onsisting of undistorted long 
hains are not appro-priate stru
tures for amorphous melanins. We have thus 
onsidered therole of 
onformational variations of eumelanins' oligomers in modifying andmodulation of their light-absorption properties. A

ording to the existing
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e [1�3, 16, 17℄ that the 5,6-indolequinone (IQ) or the redu
ed forms,semi-quinone (SQ) and hydroquinone (HQ) 
ompose the major part of thea
tive pigment, these three basi
 units (
f. Fig. 1) in their neutral formshave been used to build up model polymeri
 stru
tures.When fo
using on oligomeri
 models of eumelanins, we have assumed in
onsisten
y with the wide-angle X-ray di�ra
tion measurements of syntheti
eumelanin samples and s
anning ele
tron mi
ros
opy images of monolayersof syntheti
 eumelanins on graphite [5,15℄, that a fundamental building blo
kof the polymer is a stru
ture 
onsisting of several (4�10) 5,6-indolequinoneresidues 
omposed in �-system mole
ular sta
ks. Therefore, as a startingmodel unit for a higher order polymeri
 stru
ture of eumelanin a pentamer
ontaining HQ, IQ or SQ mole
ules has been 
hosen and subsequently usedto analyze randomly 
reated stru
tures of various 
onformations. Pentamerstru
tures with various proportions of HQ, IQ and SQ 
ontent have been
onstru
ted from geometri
ally optimized monomers and further analyzedfor their spe
tros
opi
 properties. All oligomer models have been built byusing �Random Polymer Builder� module of the Cerius2/MSI pa
ket [23℄.In assessing ele
troni
 spe
tral properties of modeled mole
ular stru
-tures, we report here results from the spe
tros
opi
 ZINDO/s 
al
ulationsdeveloped by Zerner [18℄ and 
o-workers. The method is based on re-parametrization of the semi-empiri
al INDO (Intermediate Negle
t of Dif-ferential Overlap) approa
h that in
ludes monoatomi
 di�erential overlapfor one-
entre integrals (i.e. integrals involving basis fun
tions on the sameatom). These 
al
ulations yield absorption maxima whi
h establish that thedi�eren
es in mixing ratios of various monomeri
 units in an overall poly-meri
 stru
ture of eumelanins 
an in�uen
e and alter absorption spe
trumof the oligomer. 2. Computational modelsIn order to pinpoint the fa
tors 
ontrolling the spe
tra of eumelaninpolymers, the model subunits have been treated at several levels of stru
-tural elaborations. As basi
 
omponents of eumelanins 5, 6-dihydroxyindole(HQ), 5,6-indolequinone (IQ) and semiquinone (SQ) (see Fig. 2.) havebeen 
hosen. Sin
e experimental data on the geometry of the mole
ules inFig. 2 are not available, the bare skeletons of indole mole
ules have beenedited by a mole
ular editor in the InsightII/MSI module and further geo-metri
ally optimized by use of either ab initioGaussian-94 [19℄ or semiempir-i
al 
onsistent valen
e for
e�eld (CVFF) method. In both 
ases the energiesfor 
onformation were minimized until the 
onvergen
e was a
hieved (themaximum derivative was less than 0.0001 k
al mol�1 Å�1). The augmentedCVFF program has been developed for material s
ien
e appli
ations [20℄
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hemati
 monomer stru
tures used in this work and labeling of a
tive sites:HQ- hydroquinone; IQ-5, 6-indolequinone; SQ-semiquinone.and is 
onsidered a standard for
e�eld to be used for organi
 mole
ules andpolymers. As a default for
e�eld in Dis
over 95.0 mole
ular dynami
s sim-ulation pa
kage, it has been extensively used over the past years and isusually 
onsidered [20, 22, 23℄ well tested and 
hara
terized. It is primarilyintended for studies of stru
tures and binding energies, although is knownalso to predi
t satisfa
torily frequen
ies in vibrational spe
tra as well as
onformational energies. Stru
tures optimized by CVFF method have beenfurther used as input parameters for spe
tros
opi
 ZINDO [18℄ 
al
ulations.The method 
ir
umvents 
umbersome and time-
onsuming ab initio treat-ment of 
omplex systems and is one of 
ommonly used semiempiri
al mole
-ular orbital (MO) methods. Over the last de
ade it has been su

essfullyapplied in the study of bulk solids and defe
ts in semi
ondu
tors [21℄. TheINDO ele
troni
 
al
ulations are based on an all-valen
e-ele
tron, self 
on-sistent �eld (SCF) mole
ular orbital pro
edure with the 
on�guration in-tera
tion (CI). Within the general MO method, the Fo
k matrix 
an berepresented asF�� = h�� + NX�;� P�;� �(��j��)� 12(��j��)� ; (2.1)where h�� stands for the 
ore integralh�� = Z ��(1)H
ore��(1)d�1 ; (2.2)(��j��); (��j��) represent two-ele
tron Coulomb integral and the ex
hangeintegral, respe
tively,
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henek, E. Gudowska-Nowak(��j��) = Z Z ��(1)��(1)r�112 ��(2)��(2)d�1d�2 : (2.3)The ele
tron density matrix P��P�� = 2 o

Xi=1 
��i
�i ; (2.4)
ontains mole
ular orbital expansion 
oe�
ients 
�i of the 	i orbital formedas a linear 
ombination of basis fun
tions ��. The variation prin
iple�E=�
�i = 0 applied to a 
losed-shell system leads then to the Roothaan�Hall equations NX�=1(F�� � "iS��)
i� = 0 ; (2.5)for the set of orbital energies "i and MO 
oe�
ients 
i� . The elements of thematrix S�� are the atomi
 orbital (AO) overlap integrals R ���(1)��(1)d� .Eq. (2.5) is solved iteratively until a self-
onsisten
y is rea
hed withinthe demanded a

ura
y. The �nal SCF solution yields desired MOs �i andtheir orbital energies "i. The ground state ele
tron 
on�guration is produ
edby �lling the orbitals with all ele
trons in the order of in
reasing energy.The SCF 
al
ulations done with a set of M basis fun
tions require the
omputation of M4 matrix elements. In order to make a treatment of largemole
ules possible, one has to redu
e the 
omplexity by either repla
ing thee�e
t of inner 
ore ele
trons by e�e
tive (pseudo-) potentials or by applyingthe semi-empiri
al SCF method whi
h negle
ts most of the matrix elements(��j��) and parametrize the remaining ones. The term �intermediate ne-gle
t� points to the retention of one-
enter-two-ele
tron ex
hange integrals(��j��). Within the Zerner's version of INDO (ZINDO) approximation [18℄,basis orbitals �i are envisioned to be strongly orthogonal and they obey therelations(�A�B j�C�D) � ÆABÆCD Z Z �A� (1)�B� (1)r�112 �C� (2)�D� (2)d�1d�2= (�A�Aj�A�A) A = C ;= (�A�Aj�C�C) A 6= C ; (2.6)where �A� is the atomi
 orbital 
entered on atom A. In order to maintain ro-tational invarian
e, two�
enter integrals (A 6= C) are evaluated over atomi
orbitals ~�A� that are s symmetri
 but have the same exponents and expansion
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oe�
ients as �A� . The one-
enter 
ore integrals h�� are obtained from ion-ization potentials and the resonan
e integrals (the two-
enter h�� integrals)are purely empiri
al parameters set to reprodu
e experimental spe
tra. Themethod as employed herein leads to the ground ele
troni
 states obtained as
losed-shell mole
ular orbital wave fun
tions in the restri
ted Hartree�Fo
k(HF) framework. In the next step, low lying ex
ited states were approxi-mated by 
on�guration intera
tions (CI) among 
on�gurations generated assingle ex
itations from restri
ted HF ground state. The CI method in
ludedthe highest 15 o

upied and lowest 15 uno

upied mole
ular orbitals1.All polymers were arbitrarily 
hosen as pentamers built by use of the�Random Polymer Builder� module of the MSI pa
ket [23℄. Four di�erentgroups of polymers: homogenous polyHQ, polySQ, polyIQ (
f. Fig. 3)and heteropolymers (i.e. pentamers built up from basi
 units with randomratios of mole
ules HQ:IQ:SQ) were investigated. The polymer stru
tureswere formed by de�ning all possible pairs of �head� and �tail� positions outof 5 labeled 
enters (see Fig. 2) lo
ated on a monomer. Stru
tural 
on-�guration models of pentamers have been then developed along the poly-
A

B

CFig. 3. Examples of polymers used in 
al
ulations: A � planar and forked,B � planar and linear, C � nonplanar, linear.1 Expanding the a
tive basis of the CI spa
e have not resulted in signi�
ant di�eren
esin modeled absorption spe
tra, therefore, all oligomeri
 stru
tures have been treatedwithin the same CI-
onformity.
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henek, E. Gudowska-Nowakmerization dire
tion in whi
h �heads� were joined with �tails� of subsequentmonomers. Resulting pentamer stru
tures (
f. Fig. 3) 
an be either lin-ear and �at, nonplanar linear or forked stru
tures, respe
tively. Despitetheir various 
onformational stru
tures, all three groups are 
hara
terizedby a mean dimension (measured as a maximum observable distan
e betweennon-hydrogen atoms in a model pentamer form) of about 2 nm and mole
-ular weight about 720�740, i.e. with MW < 1000. If assuming that su
hunits are basi
 
hromophores in the eumelanin stru
ture, the models predi
tthat there are about of million of su
h pentamers in a melanin subunit ofan average diameter 150�200 nm [15, 24℄.Heteropolymeri
 stru
tures have been 
reated either with equal proba-bilities of 
hoosing IQ, SQ or HQ mole
ule at ea
h step of polymerization,or by using IQ and HQ monomers only, i.e with the HQ : IQ : SQ probabilityproportion taken as 3 : 1 : 0. The latter 
hoi
e swit
hes o� the redu
ed formof IQ, the 
omponent SQ, that is mainly responsible for formation of freeradi
als produ
ed during melanin synthesis [2℄. The planar and non-planar
onformations were analyzed seeking for their e�e
t on absorption spe
tra.Models of planar linear polymers (ea
h monomer had no more than 2 bonds),planar forked polymers and non-planar linear polymers (see Fig. 3) havebeen investigated for their absorption spe
tra, 
al
ulated solely for neutralstru
tures by using ZINDO-CI method.Dynami
 intera
tions between the model basi
 �mole
ule� and the sur-rounding medium (
omposed of the set of randomly distributed similaroligomeri
 units) 
an be a sour
e of �u
tuations in the ele
troni
 gap energybetween the ground and ex
ited state. To a

ount for these �u
tuations andtheir e�e
t on the system response to a radiation �eld, we have presented
al
ulated spe
tra adopting a Brownian os
illator model [25℄ that relatesvariability in the ele
troni
 gap to displa
ements in some dynami
al vari-able x representing the system under 
onsideration. In the linear regime(weak 
oupling to the perturbing external radiation �eld), the �u
tuation-dissipation theorem relates the system's response fun
tion to the derivativeof the 
orrelation fun
tion C(t0 � t) = hx(t)x(t0)i with bra
kets represent-ing an equilibrium average. In the Brownian os
illator model the equilib-rium states are de�ned by in
orporating a model of the bath represented bya Gaussian sto
hasti
 for
e f(t) a
ting on a variable xmi�xi(t) +mi!2i xi(t) +mi tZ�1 d�
i(t� �) _xi(�) = fi(t) + Fi(t) ; (2.7)where mi, Fi(t) stand for the �mass� of a mode xi and an external drivingfor
e, respe
tively. The 
orrelation of the random for
e is related to the
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tion), i.e. hfi(t)fk(t0)i = Æik2mikBT
i(t � t0). Thevariation of the fri
tion term with time (or frequen
y) re�e
ts the times
aleof the thermal motions of the bath. By assuming that the latter are very fast
ompared to the os
illator motion, we a

ept the ohmi
 dissipation modelwith 
i being a 
onstant. In a strongly over-damped 
ase (
i >> 2!i) andin a fast modulation limit [25℄, the absorption lineshape 
al
ulated as�abs(!) = 1�Re 1Z0 dt exp[i(! � !eg)t℄ exp[�g(t)℄ ; (2.8)with g(t) � tZ0 dt2 t2Z0 dt1C(t1) ; (2.9)assumes a Lorentzian form�abs(!) = ��[(! � !eg)2 + � 2℄ ; (2.10)with the line width � proportional to the produ
t of 
hara
teristi
 nu
leartime s
ale (
hara
teristi
 time s
ale of medium relaxation) and a 
ouplingstrength of the nu
lear degrees of freedom to the ele
troni
 transition. With-out dis
ussing the origin of the parti
ular 
hoi
e of the lineshape in moredetails, we have thus arbitrarily adopted that the energy transitions 
al
u-lated for the model system were Lorentzian enveloped and summed, weightedwith an os
illator strength to simulate the overall absorption spe
tra. Dif-ferently 
hosen values of � re�e
t then the degree of dissipation of absorbedenergy via 
oupling to the bath.3. Results3.1. MonomersGeometri
al features of the ground state monomers used in this studyhave been 
ompared with optimized 
oordinates from ab initio Gaussian 94
al
ulations. In a

ordan
e with the previous analysis by Bolivar-Marinezet al. [14℄, various methods of optimization result in small variation of mainbond lengths and bond and dihedral angles yielding stru
tures that are ba-si
ally planar. This feature is further re�e
ted in the major ���� 
hara
terof the transition between highest o

upied (HOMO) and lowest uno

upied(LUMO) mole
ular orbitals for all monomer mole
ules. To assess the relia-bility of our 
al
ulations based on CVFF method 
ombined with ZINDO/s
al
ulations in predi
ting spe
tral features of melanin's derivatives, we have
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al
ulated transition energies for the bare skeleton of HQ (with ea
h omit-ted substituent repla
ed by a hydrogen atom), after optimization by eitherCVFF or PM3 method whi
h has been used in a previous study [14℄. The�rst transition line 
al
ulated in ZINDO was 306.5 nm (296.6 nm) for thestru
ture optimized with CVFF (PM3) program, respe
tively. This hasbeen 
ompared with the �rst transition line (300.3 nm) 
al
ulated for the�empiri
al� bare skeleton stru
ture of tryptophan obtained from the ProteinData Bank.In all these 
ases, the �rst transition lines were predi
ted with os
illatorstrengths of about 0.02. By inspe
tion, all stru
tures displayed also similar
hara
ter of the 
al
ulated CI 
oe�
ients and were 
omparable with theprevious theoreti
al [14℄ and experimental [17℄ works related to melanin'smonomers.Results of Gaussian/ZINDO and CVFF/ZINDO 
al
ulations on neu-tral HQ, IQ and SQ monomers are presented in Table I. The �rst opti
allya
tive ele
troni
 transitions (�rst row entry in Table I) and the strongesta
tive ele
troni
 transition (se
ond row entry in Table I) exhibit shifts to-wards longer wavelengths after CVFF stru
ture optimization whi
h allowsstru
tures with some degree of non-planarity2. TABLE ICal
ulated ex
itation energies [nm℄ for optimized stru
tures of melanin's pre
ursors.First row: �rst transition, se
ond row: strongest transition. Os
illator strength aregiven in paranthesis.monomer Gaussian/ZINDO CVFF/ZINDOenergy (os
. strength) energy (os
. strength)[nm℄ [nm℄HQ 307.2(0.05) 316.2(0.06)228.0(0.82) 232.6(0.87)IQ 464.5(0.12) 529.9(0.13)218.9(1.03) 225.3(0.52)SQ 481.0(0.02) 856.4(0.03)217.4(0.94) 238.2(1.46)2 As it has been do
umented elsewhere [27℄, 
onformational distortions from planarityin 
onjugated systems of atoms may in�uen
e the �-pattern of frontier orbitals andresult in red-shifted ex
itation energies. The e�e
t seems to be the strongest for thesemiquinone (SQ) mole
ule with geometry optimized by the CVFF for
e �eld.
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on�gurations involvingfrontier orbitals. Inspe
tion of the 
al
ulated CI 
oe�
ients reveals thatabout 70% of the �rst ex
ited state for HQ monomer is a

ounted for byHOMO!LUMO ex
itation and about 15% of HOMO�1 !LUMO+1 ex-
itation. The strongest transition is 
omposed of mixing among 2 highesto

upied and 3 lowest uno

upied orbitals. The pattern of the �rst ex
itedstate is essentially preserved for SQ and IQ monomers where >96% of ex-
itation 
omes from HOMO!LUMO transition with remaining ex
itations
ontributing with less than 1%.3.2. Oligomers and polymersFig. 4 presents simulated opti
al absorption spe
tra of model polymers.The 
urves have been obtained from the opti
al transition spe
trum en-veloped by normalized Lorentzians weighted by the 
al
ulated os
illatorstrength; i.e energies (�i) and os
illator strengths (si) obtained from 
al-
ulations were 
onverted to�abs(�) =Xi si(�� �i)2 + 102 (3.1)with the width of a line set up arbitrarily to 10 (in units of �). The graphsrefer to spe
tra of di�erent mixtures of polymers: the �rst 
olumn displaysspe
tra of the uniform mixture of polyHQ polymers (i.e. pentamers 
om-posed of HQ monomers, only), se
ond and third 
olumns show absorban
espe
tra of similar uniform mixtures of polyIQ and polySQ, respe
tively.The fourth 
olumn presents spe
tra of heteropolymers 
omposed with equalprobabilities of 
hoosing either one of three various monomers (i.e. withHQ : IQ : SQ=1 : 1 : 1) at ea
h step of the �polymerization pro
ess� leadingto a basi
 pentamer stru
ture. The last 
olumn displays spe
tra of nonuni-form polymers built by use of the proportion HQ : IQ : SQ=3 : 1 : 0 at thebasi
 level of modelling. Rows in Fig. 4 relate to spe
tra obtained for di�er-ent 
onformations of polymers. The �rst row represents mixtures of linearand planar polymers (
f. Fig. 3), the se
ond and third row display spe
traof linear nonplanar and planar forked polymers, respe
tively.All spe
tra up to the last row in Fig. 4 have been 
al
ulated as mix-tures of 15 pentamers, whereas the bottom row shows sums of simulatedspe
tra for 45 polymers whose absorban
e spe
tra are displayed in upperthree rows of ea
h 
olumn. As an example, the third 
olumn and se
ondrow of Fig. 4 displays spe
trum of 15 linear, nonplanar pentamers 
om-posed of SQ monomers, only. A

ordingly, the inlet in 5th 
olumn and 3rdrow presents absorption spe
trum of 15 �forking� pentamers 
omposed ofHQ and IQ mole
ules taken in proportion 3 : 1 (with no 
ontribution of SQmole
ules). Sum of spe
tra for various 
onformational stru
tures of thattype is displayed in the bottom right 
orner of Fig. 4.



2786 K. Bo
henek, E. Gudowska-Nowak
20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51

Oscillator strength (arb. units)

20
0 

50
0 

80
0 

11
00

0

0.
51

1.
5

20
0 

50
0 

80
0 

11
00

0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51

1.
5

20
0 

50
0 

80
0 

11
00

0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51

1.
5

W
av

el
en

gt
h 

[n
m

]20
0 

50
0 

80
0 

11
00

0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51

1.
5

20
0 

50
0 

80
0 

11
00

0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51 20

0 
50

0 
80

0 
11

00
0

0.
51

1.
5

 Oscillator strength (arb. units)

 W
av

el
en

gt
h 

[n
m

]

Fig.4Theore
ti
alabsorptio
nspe
traford
i�erentmixtur
esofpolymers
:�rst
olumn
�polyHQ,se

ond
olumn�
polyIQ,

third
olumn
�polySQ,fo
urthand�fth

olumns�-h
eteropolymers
(HQ:IQ:SQ=
1:1:1andH
Q:IQ:SQ=3
:1:0,

respe
tively).
Rowsreferto
di�erent
onfo
rmationalform
s:�rstrow�
spe
traof15l
inearplanarp
olymers,se
on
drow15

�linearnonp
lanarpolymer
s,thirdrow�
15forkedplan
arpolymers.L
astrowrepres
entssumsofs
pe
trainea
h

olumn

(45polymers)
.



Ele
troni
 Properties of Random Polymers . . . 2787As 
an be inferred from Fig. 4, spe
tra of polyHQ have dominant 
on-tributions within the range 200�400 nm, whereas admixture of IQ or SQ
omponents results in a red shift of the absorption lines. Conformationvariations seem to result in varying intensity of absorption, it is ambiguoushowever, to 
on
lude on the overall e�e
t of 
onformations on spe
tra ofmodel polymers.Fig. 5 
omprises model absorption spe
tra of �higher order� polymers:in the top left 
orner spe
tra of 45 polyHQ and 45 polyIQ oligomers are dis-played, se
ond position in the �rst 
olumn represents spe
tra of 45 polyHQand 45 polySQ, whereas the bottom of �rst 
olumn 
ontains simulated spe
-tra for mixture of 45 polyIQ and 45 polySQ polymers. For 
omparison,spe
tra of mixture of three uniform oligomers (45 polyHQ + 45 polyIQ +45 polySQ) have been displayed (se
ond 
olumn and �rst row in Fig. 5) alongwith 45 heteropolymers HQ : IQ : SQ=1 : 1 : 1 (se
ond row) and 45 nonuni-form oligomers HQ : IQ : SQ=3 : 1 : 0 (se
ond 
olumn, third row). Note thatall �higher order� spe
tra of polymers are 
onstru
ted as dire
t sums (mix-tures) of spe
tra of pentamers and as su
h they do not take into a

ountintera
tions among those units.
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Fig. 5. Simulated spe
tra for `higher order� mixtures of polymers: left 
olumn,top � 45 polyHQ + 45 polyIQ, below � 45 polyHQ + 45 polySQ, bottom �45 polyIQ + 45 polySQ. Right 
olumn � 45 polyHQ + 45 polyIQ + 45 polySQ,below � 45 heteropolymers (HQ : IQ : SQ =1 : 1 : 1), bottom � 45 heteropolymers(HQ : IQ : SQ=3 : 1 : 0). See text for details.
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henek, E. Gudowska-NowakSimulated opti
al absorption spe
tra suggest that the main 
ontribu-tion to the absorption in the range of 500�800 nm may be attributed to thepresen
e of SQ mole
ules in oligomeri
 stru
tures. Shape of simulated spe
-trum of mixtures of nonuniform polymers resembles experimental spe
trum(Fig. 1) for syntheti
 DOPA melanin. The maximum intensity of modelledspe
trum is, however, shifted to about 300 nm, whereas the peak intensity inthe experimental spe
trum is observed already at 200 nm. It 
an be expe
tedthat additional modulation of spe
trum may arise from some environmentale�e
ts. For example, presen
e of lo
alized 
harges may be a sour
e of ele
-tro
hromi
 shift in the spe
trum with red or blue shifts in transition energiesdetermined by the sign and lo
ation of 
harges [26, 27℄. Possible shifts intransition energies of model polymers may be also indu
ed by higher 
on-tent of 
harged forms of IQ monomers in model stru
tures. In parti
ular, ithas been demonstrated in the previous theoreti
al study by Bolivar-Marinezet al., [14℄ that negative ions of IQ, SQ and HQ mole
ules (�1) begin toabsorb at about 1.0 eV. This e�e
t is responsible, however, for the red shiftin simulated opti
al absorption spe
tra of negatively 
harged monomers.Cal
ulated opti
al spe
tra smoothen also and shift when assuming stron-ger dissipation of ex
itation energies in the system, resulting in a broaderwidth of lines (see Fig. 6). In the 
ase of heterogeneous oligomers models(HQ : IQ : SQ=3 : 1 : 0) fourfold higher line width parameter than originally
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Fig. 6. E�e
t of assumed line width on spe
tra of 45 heteropolymers (built fromHQ and IQ monomers only). Starting from the top, the values of Lorentzian'swidths have been set up to 10, 20 and 40 (in units of the wavelength), respe
tively.
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hosen leads to a single humped spe
trum with a broad, stru
tureless tail.The e�e
t, however, does not alter signi�
antly absorban
e in the 200 nmregion.Syntheti
 eumelanin whose properties have been modelled in this studyla
ks a protein 
oat and, therefore, its opti
al spe
trum does not mat
h thenatural pigment, espe
ially in the region about 250�270 nm, where existingeviden
e [24℄ of spe
tral features has been attributed to absorption of lightby protein environment. 4. Con
lusionsThe absorption spe
tra for model of eumelanins were 
al
ulated as-suming melanin to be 
omposed of mixture of various unit-polymers. Allmole
ules were parametrized as random pentamers of HQ, SQ and/or IQ.The idea of �mixed nature� of the pigment, 
omposed of heterogeneousoligomers in a random, not ne
essarily well organized assemblies is 
ompat-ible with experimental data. Simulated opti
al spe
tra manifest the e�e
tof aggregation in oligomer 
onformation resulting in broadening of the ab-sorban
e arm in the region of 500�800 nm. Peak intensity of spe
tra 
anbe 
orrelated with the presen
e of neutral HQ monomers in model stru
-tures. At higher level of aggregation (135 pentamers and more), furtheraddition of a polymeri
 unit (a pentamer) to the existing stru
ture does notalter the 
hara
ter of the spe
trum. Also, 
onformational deformations of
onstituents (oligomers) have only a minor e�e
t on the stru
ture of mod-elled opti
al spe
tra. Our future studies aim at understanding stabilisationof radi
als in a system of sta
ked oligomers and interpretation of fa
torsresponsible for radi
al-trapping pro
esses in eumelanins.The authors a
knowledge many fruitful dis
ussions with Prof. TadeuszSarna and Dr Albert Wielgus who has kindly provided the experimentalspe
trum for the syntheti
 DOPA melanin. K.B. a
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kmann and the group of Physi
al Chemistry II at the TUDarmstadt where part of 
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