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We: investigate- the electronic structure of ideal ordered
polymers of §,6-indolequinone, in one or other redox form. These
molecules. are the most abundant cons_tituents of eumelanin, the
pigmeﬁt'aﬁyearing'in human skin. Our study 1s carried out through
Hiickel m-electron theor‘y,_ which allows us te follow the trends 1in
electronic structire from a single monomer — the isclated molecules
- to finite polymers of up to 10 units, and to infinite polymers.
We have chosen different polmerization directions which .produce
semiconducting chains. The comparisen between finite and infinite
polymers is very useful and leads -us to propose a model that

accounts for some of the known properties. of. eumelanins.

1. Introduction

This s the flrst of a series of papers directed.io. the study
of the electronic structure of polymers of S,6-indolequinone. This
study, we belleve, may help unde;_'st,a.ngi the‘__-_behav_i_or‘. o_f_'_ human
melanin - eumelanin -~ as arcc.ell-protecting- plgment. .

The word “melanin is coined from the Greek.. "bla.ék“ and- is
used for a group of pigmerits of biolegical origin.; widely spread in

(1)

all’ phila from: fungi to man Very little is known with

certainty about melanins, roughly classified(m in eumelanins,.

black or dark-brown h_it.rogen-containing pigments; pheomelanins, the

pigments giving color to, e.g., red hair, and which contai.n alsa_

sulphur; and allomlanins oceurring in pla.nts

In this and the -follomng papers we will be. Interested in
eumelanins alone. In spite. of a great effort on- the pa.r-t of’

experimental ists.( 1-17¥

only a very peripheral understanding of:
eumelaning has been reached up to the present day. On. the
theoretical side virtually no work appears in the literature with.

the notable exception. of the papers by Pullma.n(m)_.. Recently we-

(19) that a systematic study of polymers . of

have shown
3,6-indolequinone, such as we report now, might bring insight into-:
the_ problem. . . |
We present in the next. section a brief sur‘ve.y of' relevant
information on eumelanins_(l;zm; the techniques used .in this. work
are described in section 3; and finally we pr'esenf.. and discuss_:o.ur
results in section 4. This first paper is devote&.t.o- t.he=- a.nalys_ié 3

of ideal, ordered polymers. -The monameric units are derived from

either S,S—indoléquinone (Ig), or the reduced forms semiquincne

_(SQ), and hydrequinone, 5,8-dihydroxyindole (HQ). We start from. the




lisolated: molecules; shown schematically in figure 1, build the
dimers. and successively add more units. We also study inf‘ihit.e
'pol_wner.'s.' in the Bloch limit. Disorder effects. are introduced in

the ;nbéequeﬂt'pé.pehs.
2.t Stt'f_‘vex' of Previous. Information

Tt is ‘accepted that thé main " protection of the skin against

the biochemical devastation induced by solar exposure derives from

- the préé'ehce-m'} of melanin-containing granules (melanosomes) in the.

-'epi'..tl_le'liél tissue; Different possible mechanisms are proposed to

(a3,

’ be i:;espohsible- for cell pr_'o'tect'ion filtering and attenvation

of” ﬁadiation by scattering; absorption of radiation followed by
.énérgy dissipation as heat, or* by redox r‘eactior.:s. orr even
.el.‘ect'r:on—tranSf‘er processes.. In each case proteci;'.lon against
._r_-aid.ia.tion is focused. However, Q;.he presence .of‘ melanin in
nori—ﬂii:mi_na.fe& areas ‘such as the substa;ntia nigra of the brain

(8)

(and its possible correlation with Parkinson’s disease ) leads to

the posf;u'latiohca-ﬂ of other biologicai functions for melanins.

It is concluded, in  particular, that melanin should act as

{7

deact'i\'.'ator' ‘of free radicals , produced or not by icnizing
radiation..

It is clear that ellucidation of the properties and behavior

of'me'lanins-'carries more than academic interest. Unfortunately, no

melanin sample has yet been fully and unambigucusly characterized

chemically. It is not possible, up tc now, to prove that two

samples are idenfical, even for synthetic melanin samples prepared
(3a)

from the known precursors tyrosine or dopa

(3, 4-dihydroxyphenylalanine). Indeed, the hystery of melanin

‘research _.'1 unusualu)" - the 'nat_u_r,a.l- precursors and some

intermesi_i.é.t'e products:  have, been foundand still the chemical
identity and structure of the pigment are not known.
() that . the

- In' spite; of that, there are strong evidences
planar '5,‘$-indalequinone . w:;;lecule . IQ and/or the. reduced: forms: SQ
and - H} compose: the major pact. of - the active material of- the
pigment,. _bel_ie\'red. _tg._pe.. a cqpolymgni_za.t_:ion. af. these a_qo_lec_:ules_. a.nd
both i‘ésidué.l precursors and .int_ermediét'e products. In the-
meiani.:.some this active material is coupled to a proteic matrixf lb)..

' Different models have atlis_q:_‘beel_r_x:.:suggested for polymeriiation. o
paths. _As e_a.rly as 1_9_51 an dxidati_ve reaction, wa;::_prop_qsed(a)_
Joining site 7 of IQ (see fig.1), viewed as the monomeric unit, and- .
site .3 or site 4 of the following unit (3x7 or 4x7 bonds). Lat._er.'
inve_stigétions. with synthetic and natural melanins, to deteriﬁe_
the polymer structur;e and rel_a.tige. vccurence of boﬁd;ng _sites(g)
di%i hot seem to Indicate a preferential site among positions 2.3,4
and 7; it was goncluded., ho?wevep, ?:ha.t the _ma,jqr_i!_:y;_of__unitg ware
linked to other two, suggesting a line_a.lj':—_qhaip skeletonz_ . ﬂith
s_ynthet.ic samples the results lj.end_' to indicate l_that_[l)_ the polymers
are hi_ghly .irregular, With amorphous chara.ctgr- and ra:rxdomx_ bonding.
It is n'ot. certaln wl_i_ether these as__sw_nptions-_. may be carried through
tq _nafural_ 'zn.e.lar_:in.fs,‘ or to _Hhat__:qxt._gnt:: soine aup_ligrs-(_lo_)_ still
'defe.r_ld:_ the rp_o_él:ei- o.f‘ a h_bmopolymez_*-fqr'_ r}a}:gra_l_ me;lla.r:__ins,. .

. S.umrr;a;'-izing the r'e_sLtH:s of' many_.yéars of investiéations. the
consensus., seems to be that eumelanin . is some polymer n_lostlf-
constituted by IQ or one of its r-edqx forms. Recently even the
chemical analysis methods have been..questioned(ll).

The physical studies of eumelanins are few, and seem to

corroborate the hypothesis of an amorphous material. X-ray




studies (12)

expected of IQ polymers), stacked with an 1n_|;er‘p1a.nar separation of
3-'.42; ‘ne lbng-'- range order: is-detected in: most melanins, whatever

their -source. or method: [of - preparation.” . The. .effect . of

‘threshaldswitching, ty;'}icaiﬁ.*of' the:-electrical behavior of: amorphous: -

naterials;: 'is.:'-.fbund_:-iri_ éxperime’htéi.w-i:th synthetic melanin. solid

pe'l'lets(la.). -Intensive: investigations of electron paramagnetic

" (3)

‘resonance: - {EPR} . established the - existence of a stable .

concentration -of . unpaired electrons (free- radicals). -trapped In-

na.t.:ura-l'i or._—'syﬁthetic:' melanins; the spin-density is hignhly localised

over. a:single.‘or at most a couple of molecular units. - This result

seemed  to- reinforce the: view that. the polymer had 'to. be highly-

3

disordered ”’; -to . prevent .e.xtensive conjugation and spin-

delocalization. - And finally optical . absorption experiments with
different-. samples . of .patural. and synthetic melanins in

solut ion.‘-: 1'4’-15)

do .not show any \_fel-l—res&lved structure in the
abéorption speci:ra; the usual spectrum- iz a smooth, monotonically
r‘isir.lg curve '[oc-_. ve hvl sta_.r_'_ting from an ill—defined”t.hl;e_sho.ld at hu
=.1.5e\.f, with sometimes a shoulder at =3.5eV(14]. .

. _.The; above . cons.ider.ation.s étrongly point. to the need of

theoretical support. to.allow choosing among . the different models.

Theoretical. contributions. date from 1960 when a specuia.tive

model'(-zm' was suggested, picturing eurﬁelanin as. 8 linear-chain

semiconducting polymer. In 1960 Pullman and Pullman studied(ma)

the electronic structure of IQ a.nd.one particular dimer {(shown as

dimer 1 in:fig.2); the authors pointed cut the bonding character of
the lowest unoccupied orbital of the dimer: assuming the same
. property could be extrapolated to the lowest conduction band of

‘the infinite polymér (not calculated), this would indicate an

point to the existence of planar-sections {(as would.be -

_presented results

electron-acceptor tendency and explain .the  trapping of
free-radicals; This semiconducting polymer .model was. later

(2)

rejected baged on the EPR data, which seemed to rule out the

occurrence of m-electron delocalized bands. Recently, however, we
(9} ¢par conciliate the EPR data with extensive
m-electron dc_eiocaliza_ti;m- for a. particular IQ.polymer. Here we
extend our previous studies. to other foerms of IQ, S¢ and .HQ

holymers, and lay the basis for our further investigations of

disorder effects. -
3. Method

We used throu.ghout the a;;proach -of Hilckel n-eléctr'on theory
H‘_I'(zn, and are thus assuming. o-m separation is. complete, i.e.,
the pol-ymer‘s are always planar. . It is also assumed that. the
optical, electrical .and' magnetic properties of the systems are
dominated by n—eieﬁ:tr.on characteristics. As wé._intend to. study
polymers with up to ten monomeric units ( 110 heavy atoms), the usé
of .ab-initio or even sophisticated semi-empirical techniques. is
precluded; the hypothesis that a mw-electron approximation is
acceptable needs, ne_vertheless, further inspection. We may first
draw from experiment the_ information that the polymer: certainly
presents planar. pleces, and érgue that any non-planarity. effects
would be lessened by stacking. Furthermore, preliminary results.

(22)

with the INDO/CI technique indicate that we . are . indeed
Justified, i.e., that the orbitals mostly. invoived -in. the
above-mentioned properties of the  molecules show - dominant

n-symmetry characteristics. We will restrict our analysis, hence,

to properties amenable to this approximation: we will not be able,




for instance, to discuss relative stabilities between the different
polymers, or any property depending on total energy.

All " calculations were carried out within the same
{18)

pa.ra.nietr‘ization, aifeady used by Pullman We introduce
translational symmetry to study infinite chains still within the

same pa.ra.metr*ization. Band structure and charge density results

‘are. dbtai'nedi-using 1500 k-points equally spaced in the first

Brillouin zone, which is sufficient to obtain a very good charge
and bond. order descfiption.

. Her.-é we present results for the dimers shown schematically in
fig.2,’ a..nd' for 'selected polymérs. ‘These polymers are bullt by
successively. édciing - more - units following the  particular
polymérization direction dictated by the d.imer seed (dimers 1 to 4
in fhe figure],' 50 as to have finite ordered linear paolymers of IQ,
S or HQ {we do not mix. redox forms). Finally we study the
correspondfng infinite polymers.

Tliese-'polymers;: are: very s;.:e.ci..al" in- the:.- sense  that onl;ﬁ' ._one
type * of bonding betwesn units is allowed throughout.  We
.investigated' other possible--polymeriz'ati.ons, following a wider
cﬁoice of "'di'mer‘iza._tions and dimer éombinations, and l_ea.rned that
different: polymerization directions can lead to electronic
i;woper-ties ranging fr'om. insulators to metals. Still, a number of

' bihding sequences -lead to semiconductor structures. We concluded

thai‘.-the four- selected pelymers are  fair representatives of the

semiconducting siructures, -and. also that more complex bonding
sequences. in- linear chains may be thought of as alloying

combinations of these chains.

4. Results and Discussion -

We present first the  results obtained throught HT for the:

electronic structure of the molecules I, SQ and HQ. In Table I we

repeat from Ref.19 the relevant numbers for the one-electren

eigenvalue  spectra. We r'ema.r'k(lg)

that. the SQ already shows
bonding character for the lowest unoccupied molecular orbitai

(LUMO) indicating that - this redox- form may present good

electron-acceptor. préper.‘ties, This feature can. be. traced.to the .

presence of oxygen in both single and double bonding situations.

From Table 1 we may follow the broad differences in

electronic: structure caused by reducing IQ: The: effect is more-

strongly felt in the value of the eigenvalue difference between the

LUMO ‘and the HOMO (highest occupied molecular orbital): for the

fully reduced HQ this value is almost three times that obtained For-

5Q, indicating.at this stage that H} is probably not suitable for

producing electron—acceptor material.

We pass now on to the analysis of the five dimers selected.

The electronic structure characteristics are summarized in Table.

II, and the notation follows fig.2. It is interesting to note that

only for S-dimers (derived from SQ units); and for all of them, 'the_

LUMD presents. bonding character. Although the results may depend

to a small extent on parametrization, they leave no doubt that S
structures é.r'e most. pr‘obably good electron acceptors, while. H form§ -_
(buiit from ﬁQ:units) weuld hardly accept.electrons:. On. the:other.
hand, within  the same redox form there . are no: pr‘onounced-
differences between dimers as. f;u\.r' as the wm-electronic structure is-
‘concer'ned. It would seem probable that the same function could be

performed by more than one pocliymer, and that stability at growing:




conditions would determine the most abundant kind of chain.
'~'TA5usaidnaboveﬁ we will only consider polymers built through
uniform bonding;'fdllowing_the paths imposed by the dimers 1 to 4.
It is easily seen that the dimer obtained by 2x2 bonding (dimer 5
in fig. 2);" oft‘éri—. foun (16} "as residue by chemical. apalysl_s. is not
suitable: -for forming uniform’ chains: -This - type of bonding,
however, could be very effective to form: polymer seeds, or at
inter-chain. - linking. We investigated polymers formed by
.-.aliernating_EXZHwith 3x7 of 4x7 bonds- and found phat the.maln
régﬁits'dovnot differ significantly from the polymers presented
here.
Ve form the trimer and so on, and continue adding units until
.some- relevanf "quantities stabilize (such as the HOMO~LUMO
difference,.éharge distribution at central cell, etec.)}. Results
are then compared to date for the infinite polymer. This study has
twofold kmportance: in the: first place it Is useful to know to what

extent information obtained from small molecules may be

extrapolated to infinite (extiremely  long} chains; .secondly, it

allows: us to determine-at what length (number of units) a Finite

chairw is, In"its central portion, equivalent te the infinite chain.

" The relevant quantities for finite polymers are summarized in
Table IIT. Results for polymer 51 were already published(lg), and
areshown again  for  comparison. Alsc for the sake of comparison
all quantities are for chains with 10 units, at which length all
electronic properties have stabilized even for the more difficult
structures: (most chains. show: stable properties already for smaller
lengths)}i

*'“The -first feature that .can be noted is that -semiguinonoid

structures maintain the bonding character of the LUMD {seen for the

dimers) while the chains are finite; a new feature is that this
c¢haracteristic is seen alse for indole-derived polymers I2 and IA4.
Another interesting result is obtained for the reduced polymer Hi
which presents an antibonding HOMO corrresponding to electron donor
behavior. It is worth mentioning that these novel characteristics
are only manifest after a certain length is reached: 7 units for I3
and- 6 for Hl. These results show that in Investigating finite
polymers it 1s necessary to fellow the electronic structure trends
with Increasing length of chain until! stabillzation lis
attained, otherwise results cannot be rellably extrapolated to . long
chains. This places. a constraint on the calculation technique to be
used, in that more sophisticated methods than the HT employed here
can.hardly handle éuch huge systems.

The main conclusion to bé drawn from Tabjle III is that, if for
the dimers the bonding sites were of less importance than the redox
form, here this. trend is altered. Except for the large LUﬁOvHQMD
difference for H polymers, the polymerization directton proves to
have a strong influence over electronic properties. The effect.of
polymerization is strongly felt by the charge distribution of the
border orbitals HOMO and LUMO, which basically con£rol the
electronic behavior of the chains. We show in fig.3 the general
trends of charge localization for the HOMO (lower half of the boxes
representing the 10-unit linear chains) and LUMO (upper half) for
all structures.. As can be noted, the tendency to concentrate the
charge of the LUMO over one end (or both) of the chain is strong,
except for H forms. This phenomenon proves extemely important when
comparing results for finite versus infinite chains.

We included also in Table III - the sumpmary of electronic

structure results for the correspohding infinite polymers, in




brackets. We cbserve that.conclusibris drawn from the 10-unit chains
are raughly confirmed, if we consider wvalence band width;

character- ofi - the. LUMO (translated. into lowest conduct ion

band}, - etc. Irportant -exceptions, which will be discussed -

below, are 8%, I3 and S4.

- More. detaited Information.can be gathered from the complete w

" band: structures- sﬁem in fig: a: A general: fgature- is that, besides
the larger-gaps; the H forms  (figs. 4h to k}: aiso— show very flat
. ba.nds corresponding to ‘- molecular-like, confined stabtes with little
'i-nteréc.ti'on: between units. These forms correspond more closely to
" ‘insukators than teo- semiconductors:.. éven in-valence band character..
At-_t'.his' level the polymerization direction is also extremely
impo'rtant,' as: may .he observed compariné .the. band  structures
obtla‘ined- for- polymers #1- ('fig. 4d and-h) and #2 (fig. e h and .1).
These.a chains: .differ- only.. by one bond_ (through the oxygen in #1,

ﬁlﬁic&t-does-.-not'-— occur in- #2, see fig.2) and present strikingly

di'fferent bands.  This. difference: 'indeed. shows- that the path -

.th'roi.lgh tﬁe- lone-pair - of thé :oxgge_n—-- atom is contributing to
conduction mechanisms in #1.

" The polymer showing smaller dispersion of bands is #4, (fig.

4c, g, k) with the 2x4 bond, which seems to indicate that this path.

is. not so effective in inducing m-electron deleocalization. This:

structure would. appear to be a promising model for eumelanin,

since it offers. in the I form a bonding conduction band {fig.de):

Furthermore, it leaves. open a number of active sites for - the.

(16)

lakeral. aggregation of - impurity molecules, usually found ", as.

r'_esidues in- chemical analyses: . However, it should be noted that.

- the bonding path- through site 2 excludes the incorperation of

impurity. molecules as substitutional for the monomeric unit (as

'(12))’

frequently . . suggested since. . for- most. . . of. the

precursor/intermediate molecules either this site 'is blloc'ke&, as in

DHIC. (5,s-dihydroxyindole-z—qarbox_yi-ic. acid), or the -pyrrole ring

does not exist, as in tyrosine or dopa. . 7
The occurrence . of: bonding. .conduction bands” alse. for other:.
chains; such as. 2, is. worth. remarking, as: Lt fulfills. the.
pr-ediction of Pullman and Pullman' ¥} oven 1f ot for  S1, ,tﬁe»
chaln suggested by the authors: . Again, the- prese.nce'_'of-_ oxygen
atoms in different bonding situations is a requisite. :: '
- The. case: 6f S1' was" alrea.dy dlscussed in our previous: Hor‘k“gJ': .

and we r-epeat the same argument here f‘or- I3. We may- seé from Table-

IIT that the LUMO-HOMO- exgenva.lue dlfference for the finite» poly'mer

s only about: half. the. gap value of” the infinite polymer for- both-: -

_structures. If  we- .go: back- to £ig.3,  we: mote- that: the:. charge:.’

distribution of the LUMO:is highly concentrated over:-one- e.ndr_ of-'t‘;'he' :
chain for: St. (more: than 95% of cﬁé_f'ge .ov.er' . ti'_xe: end. cell}: and .also
for I3 (with more than. 60% of'-_c'ha;fge over two cells).. These
localised states are not present’ for’ in.f‘-inité_— p_eriodi_c‘ structurés,-
where ‘only. delocali_sed-r.(it_inérraht.)'-. states. remain. - I other: words;, :

the . bonding: character: of. - the - LUMO- for- the: finite . chains is a

“iypical end-effect,. wich: disappears’ for the - infinite: periodic )

polymers.

“The -end-states. are- equivalent to 1o¢a11séd-deep—lééeirdefeét.

‘states. in normal: semiconductors,. as:may.be: rea.lized from: fig.S. In-

part.a we plot:the.density. of states-(DOS): for the unit’ cell of the:
infinite chain. 81, in: the. .first: 3'column,--,-. and:.-I3: :in: thei second:
column. These_DOS may be compared:to. the local DUS:.'(I..DOS) cateal
monomer. or- "eell": in: the. central - porticn of: the corresponding

finite chains, shown in part b;. the similarity between parts.a and




b of the figure states that, in the central portion of the finite
polymer;, convergence to the infinite chain is ali‘eady reached. .. We-
note, in particular, the gap between occufnied and unpccupied
states The- _J.ntroductxon of‘ a deep defect state 1n the gap region
becomes clear. if we plot the:LDOS of. the end" cell ‘of -the finite
polymers as. in fig. 5c' we see a bound. stat.e at =G OB, qulte 1n the
middle of the gap. The main dlff‘erence between S1 and I3 is that
for this later: ch_ain-'the:— end-defect' is less. localised (the de_f‘ect
state’ is Stilr séeri-, ﬁit‘h.ver:-y"snﬁl]_. _déhsjirt'y. at. .the middle cells
and is seen again at the opposite er.ldl..

Results for: ‘polymer ' S& are: very simi-lar-, as regards the
“end-type- defect"' to polymer 51 and t.he same discussion holds,
even- if the flrst conductlon band itself Is already partially
bonding: energy will be minimized if an itinerant electron is
trapped at a deep-level defect.” It is interesting te note,
furthermore that this polymer presents also a very localized HOMO
(see flg 3) .which introduces a (donor) level in the lower half of‘
the:.band gap. _ .

.O_the‘r:i:;ol.p.f.n;erts.... such as iz, Sé and H1, show no deep-level
states. However, highly localised states are iniroduced around _tlfle-
band edges, a5’ Iliustrated in the third colums of fig.5 where we
focus oﬁ polymer-I2.. An acceptor state is placed very close to the
conduction:band, icorresponding’ to - the LUMO of the polymer-whi_&h 'is
extremely localised over cne end cell as we. Ima.y check from fig.3.
These . states would cbntn_ibute to the creation of the localised
band-tails typical of amorphous materials, and would, in the same
way as the deep states diécussed above, .be effective in trapping
unpaired electrons. “Amorphization" of the material may also be

accomplished. through introduction of locaiised states close to the

valence band top, as in pol_ymet's I3 and S3.

In this way, we could picture solid melanin as a dense packing
of. long but- f‘ini_te.-chainsrug) of one’of the- types discussed. If-we
discard the- eéfect of inter-chain coupling, the band structure. of
the compound. woul.d. ke that of the infinite polyuaer._ perturbed
faround chain ends} by the introduction of localised .stat.es in. the
gap region. The optical and electrical characteristics would thus
be roughly those of the semiconducting. infinite chain, medified by
the presence of deféct levels. An eleptron in‘]ect_éd at the surface
of ' the pigment (by a donor molecule) could be trapped at an
end-type defect state. Capture of a second electron.at  the same

defect would not be favored: due to electron repulsion, .the

sacond-electron trapplng level would be higher in energy, closer to

theAconductioh band. This electron could then easily be lonized to

the band, to be c;aptur‘ed. at an empty defect state - elsewhere..
Unpaired electrons would be rather wuniformly distributed among
def'ects; the s=spin density should be propor*tf.onal to. the ratio
between available electrons and end-type defects.: and thus. roughly
independent of temperaturew)

In soluticns, on the other hand, the chains _would behave more
like individual molecules. If, iu spite of the Increase in
electron repulsiomn, - the éecond—electron level i= still bonding,
there will occur capture of twq electons by some molecules. In the
absence of the semiconducting media, these electrons:- could remain
trapped in pairs. A slight increase in para.magnetism“ﬂ is now

expected as the secend electron is thermally emitted, leaving an

unpalred spin..




5. Sumeary

We -studied, ' using the  Hickel m=electron appr‘oxlr.nb.t.id'n..‘af_-

fa.mily of - polymers. descending' from the 'S,Ifs-_indolequlnon.ei-nialre_cirz}.é'.i'.
We followed: the. evolution of the “electronic Proper"'_iieé.fror.n_i 'th_'é'.:'ﬁ
moniomers; to finite polymers, to infinite periodic chains: wefound _
that.‘structural effects fpolmri-zation- direction) begin- to-efnérg'e .
as the polymer: length increases, although some characteristics may
be traced dirgétl‘y to the'redéx form of Ithe monomeric unit. In
particular, K chains (built from. S.E'Fdihydroxyirido.l'e' units} .
consistently show larger gaps, and bands with smaller dispersion;
and S finite chains (built from semiquinone-untis} Show bonding

LUMD" 5.

Although based on these results it is not posslble,r.t'o'.suggé'st:—‘:"_". :

a possibly preferred polymerization direétion, the model itself of a
basically linear polymeric semiconductor for . eumelanlins. stands:
strongly supported,

One main conclusion 1s the: importance of end-type def‘ects,":

which lay elither introduce states. deep 1ln the gap region,’ pr"

con_tribute to create band tails. This postulation allows us t_o,"_ '

conciliate some features of ° the melanin. puzzle, such as 'the"_

behavior of paramagnetism wlt.h temperatdi‘e. and the struc'turél_es'sf'.'

shape: of the optical -absorption curve, while sﬁill retair'xing"_'t:
nedel: of:. a . semiconducting 'pblymet with -extensive u-eleétp_on;- :
del'o;:a.li'zat;ion...- .

. He‘ 'sfr'es_s-,- the. relevance. of’ e_xtending. the study to' -.:6the'r‘___:

defects:. either chemical’ (introducing "impurities™ such: as 'ai &

precursor molecule in-the chain) or structural (sudden change of"

polymerization direction, ete.).  The treatnent of defects _ié the -

subject of the second paper in the series.

" 7) P! ‘Proctor;
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Figure Captions

Fig.1 ~ Schematic representation of the molecules 5, S-I.ndolequinone.
(I@) semiquinone ($9) and S, B—dlhydroxymdole or hydr-oquinone (HQ);
the active sites are indlcated in IQ.

Fig.2 =~ Schematic representation of the dimers studied 1n this:
work. Dimers are studied in the three redox forms I, S or H
(except for dimer #1) and as such no particular form is assumed in
the diagrams. Results presented in this work are according to the
polymerization directions indicated. in the figure for dime_rs‘#l'_to.
4, and for simplicity this numbering 1s extended. to- the
corresponding pelymers throughout this paper. . .

Fig.3 - Diagr‘am of HOMO and LUMO charge localiza.tion over the
individual monomeric units of the studied finite. ponmers with
10-unit chain length, obtained through . Huckel theory..  Each
rectangular box represents a particular polymer, as indicated. The
lower half of the. boxes pictures the charge distribution of the
HOMO (highest cccupied molecular orbital) according to-the: bar-code
inserted in the flgure. The upper half corresponds - to’ the LUMO
(lowest unoccupied molecula.r'orhtiall. As indicated, the. boxes in
the first column correspond to I-polymers (built from I units): .in
the second column to S-polymers (from SQ units); and in the third
column to H—polymefs (ff-om HQ units). Rows . keep a. particular
polymerization direction 1 to 4. '

Fig.4 - Energy bands obtained through Hilckel theory for the
infinite polymers studied in this work. Energles are in terms of
the parameter B, and the  zero of the scale is set at E = a.

‘Occupied bands in solid lines, unoccupied bands in da.shed lines.

As indicated, figures in- the first row (a to c) correspond to
I-polymers (built from IQ units): in the second row {d to g} to
S-polymers {(from SQ units); and the third row (h to k) to
H-polymers (from HQ units).. ° Columns keep .a particular

polymerization diréction 1 te 4.




" Fig.5 ~ Densgity of states (DOS) obtained through Hiickel theory for
(2) the unit. cell of infinite polymers; (b) local DOS- for internal
cell of 10-unit.finite polymers; and {c} laocal DOS for relevant.end

céI'I_.'oi" finite polymers (check f1g.3). For the finite chains.the .

discrete. . spectrum - was - Lorentzian- enveloped and weighted- t_.o

reproduce . the: DOS: localized over .the. specific cell or monomeric -

unit. First. column corresponds to polymer S1. (built from SQ units
pélyme':z"izat_iori direction 1), second column to _'polymer- I3 (from IQ

unibs: in.direction. 3_]'a.nd third celumn te polymer I2. (from IQ units-

ii‘r."dir_‘e.(:t-i'ien 2): | Dashed Iines: separate occupied. from unoccupied
- states.  Arrows in (a} and (b)} indicate location of the defect

Tevel seen in. (a).

‘“Tables

Table  I. One-eieétron' energies (in- unit$ of the parameter B) for
the m-electronic structure of the molecules 5,6—1nd01eq1'..1.1r.u.)he. ..(IQ],
semiquinone ($Q), and 5,6—dihydrq'xymdole-. {HQ): the: energy of: the:
highest occupieci molecular orbital-HOMO; lowest " uhocctipied

moelecular orbital-LUMO; and the eigexivalue difference, LUMO-HOMO.

g s¢ .. H

HOMO. - el iR gy 351 e ;0'-'14581:
LUMO- : oo +001880 ~0. 057 +0.810:

LUMO-HOMO o 9.515. - o a3a. . 1378




Tahl.&_.II.. One-electron energies (in units of the parameter  8) for

the m-electronic structure of dimers of .5,6-indolequinene (I},

_semiqutnqﬁe_,(,s)'__ and = 5,6-dihydroxyindole (H): = the energy of the
highesf occupied mol_ecu.lar corbital -HOMO; . lowest unoccupied
molecular orbital—LUM[J and‘ -eigenvalue difference . LUMO-HOMO.

- Dimers:ane: la.belleé a.ccor‘ding to. the redox form (E,8, or H) and to

: "the bonding structure; . foFlowing Fig.2:

2 13 I4 IS
-0, 143;  .-0.147-  -0.232.: -0.281
+0.1827 +0.087 . +0.084.  +0.084
0.325 0.234 0.316. 0.365
S1. sz 3 s ]
. 'Héu'ci' .27t -0.241  -0.353 ~0.355  -0.295
LMO- . -D.051 -0.074 -0.079 -0.118  -0.084
LUMC-HOMD 0.220 0.167 0.274 0.137 0.211
B - H2 H3 HL HS
HOMG - -0.156 -0.257 -0,288 - -0.292 . -0.302
- S LUMD - +0.834 +0.783 +0.705 - +0.690.  +0.690
Lum-uom;__ 0.980 1.050.  0.993 0.982 0.992

Table III. One-electron energies (in units of the parareter g8} for
the m-eletronic structure of polymers of §,6-indolequinone (I},
senmiquinone (S) and 5,6-dihydroxyindole (H). Results for finite
polymers with 10 moncmeric units are compared. to. band structure
results (in brackets) for . infinite polymers: the energy of the
highest . occupied  molécular  orbital-HOMO-with the - valence- band:
maximum-VBM; energy of the- lowest. unoccupied molecular orbital-
LUMO-with the conduction band minimum-CBM; eigenvalue difference
HOMO-LUMO with the gap; and eigenvalue difference HOMO-LOMO (lowest
occupied molecular- orbital). with the valence band width-VEW.
Polymers. are labelled according to polymerization direction in the
notation. of Fig 2. .

2 I3 ' 4
HOMG: - -0.054 -0.010 - -0.145
(veM) . (~0.050): (-0. 125} (-0.185)
LUMD _ © 00181 -0.006 -0.005
(CBM) (+0.224) (+0.210) (-0.004)
LUMO-HOMO . o 0.235 0.004 0.145.
(gap) _ (0.274) £0.335) (0. 1513
HOMO-LOMO 3.256 3.362" 3.163
(VBHW) (3. 260) (3.245) {2.850)
s1 s2: s3 s4
HOMO -0.263 -0.192 -0.344 -0.344
{(VEM). . (-0.280) (-0.190) (-0.355) (~0.405}"
LUMO -0.052 - -0.081 -0.083 -0.140.-
(CBM) (+0.165) (-0.070). (-0.075)- {-0.080)
LUMO~HOMO 0.211 0. 111 0. 261 . o.208
(gap) {0. 445) (0.120) (0.280) (0.315)
HOMO-LOMD 3.013 2.804 2.821 2.771
(VBW}. (3.000) (2.505) (2.810) {2.710}
HL . 2 H3 ‘HA
KOMO +0.046 -0.138 -0.072 -0.181
(VEM) (+0.055) (~0.135) (-0.048) - (-0.175)
LUMO +0.867  +0.718 +0. 489 +0.537
(CBM} (+0.870) (+0.713) (+0.460) (+0.5258)
LUMO—HOMO - 0.821 0.857 0.561 - 0.718
(gap) {0.815) ©  (0.850). (0.505) {0.700) -
HOMO-LOMO 3. 182 2.666 2.784 2.615

(VBW) (3.120) (2.870) (2.810) (2.620)
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