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Abstract

He investigate here defects In Ilnitially ordered polymers of
5.6-indolequinone, In one or other redox form. The defects studlied
include’ aggregation of the carboxyl radlcal Into one skeleton
ronomer, the aggregation of a host moncmer in a lateral misplaced
position, and faults in the polymerization sequencing. Our study
is cacried out , as in the first article I, through Htckel
z-eleckron theory, and- results are compared to the perfect
structures in. I. Our results indicate that the enﬁ—type defect
suggested as an electron capture.centér in I is not deactivated by
these other structura} defects, and that new capture centers might
be introduced that could zlso be résponslble for the acceptor

behavior of melanins.

1-Introduction

There is great sclentlific interest In eumelanin, thé active
material of the plgment present in the eplthelial tlssue as well as
in the substantia nigra of the braln of man. Due to the occurrence
of melanin~disturblng processes in some pathologles such as
Parkinson's disaasetl) the medical applications dertved from a
proper understanding of eumelanins could be very important,

Apart from the direct medical or technologlcal interest,
eumelanins appear to be unique blological comhounds in that
discrder is seemingly present:

(1} Chemical analysis indicate that the active matertal is
moskly composed (2) of melecules of 5,6-indolequlinone (IQ see
Fig. 1} or one of the reduced forms semiquinone (SQ) and
hydroqulnéne {S.B—dlhydroxyindole. HQ). These units are the result
of‘(2J in vivo enzymatic- processing of tyrosine, or iIn vitro.
self-oxldation of dopa (dlioxyphenylalanlne). However, both
residual precursors and intermedlate preducis are still ﬁresent in
the finmal preduct. Also, there are indicattons that ﬁoiecules are
arranged in-linear-chaln poclymers; the fragments found.(a) however,
do not indicate a preferentlal bonding direction or polymertzation
path and we are thus led to plcture a disordered polymer.

{11) Electbén paramagnetic resonance experiments (EPR) always
detecttq) a #table concentrallion of unpaired electrons (spin 1/2)
oF free—rédicals in melanin samples, elther natural or synthetic,
with spin-density localization over one or two moncomers. While the
spin concentration is independent of temperature for solid-phase
Sampies, It does show a small Iincrease with temperature for
sclution-phase samples.(4“'5}

(411} Structural inveétigations of-soiid-phase‘samples using

Y-ray diffraction (&) point to a stacking arrangement of planar
vicces _(with -an interplanar separatlon- of = 3,4- Ay with no
long-range order. Experimental evidence for semiconduct ing

bebavior comes. from analysls. of optical data, al;. samples:




presenting(T) a structpreless'absorption spectrum with threshold

around 1,5 e’ and sometimes a shoulder at « 3.4 eV. Time-dependent
current-vs-veoltage measurements in hydrated melanin pressed pellets

indicatets) a thermal thresheld-switching effect, typlcal of

amorphous materlals.

The . experimental evidences are thus consistent with a model
picturing eumelanin as =2 polymer mostl& canstituted of IQ unlts (or
one of the reduced forms), irregularly arranged and presenting the
behavior of an amerphous semlconductor.

In our previous paper[g]. to which we.wlll henceforward refer
as I, we studied the electronlc structure of four speclal_urdered
polymers of S¢ (plus the corresponding polymers of IQ and HQ). The
chosen bqumers are bullt assuming planar abrangement.ulth hnlfor@
bondingf‘between_ units, following cne of the polymerization
directions suggested by dimers # 1 to # 4 in Fig. 1, and the
calculatlions are pefformea “using the simple Hickel n-electron
theory. Our results indicate that these polymers present
semiconducting characterlstics tn the infinite-chain limit.. We
have.shown further that amorphous charagteristics could be obtalned
for these h1gh1y ordered'polymers. once we take into account the
finlteness of the individual chains. -7 '

We found that for host finlte.  chalns the: lowest uncccupled
molecular- orbital (tUMGJ and}or: the hrgﬁest oceupled: molecular

orbital (HOMO) show = hlgh charge conhcentration over one or two

monomers: (moleqular units) at the chaln ends. Pleturing the

plgment (or solid pellets) ag a dense packing of ,long finite
chains, and neglecting . fnter-chaln coupling effects, Fhe matertal
would éhow'semlconducting behavior with band edges roughly defined
by the infinite-chain llmit. The chaln-ends would act as localized
defects{IO). 1ntroduc1ngl deep states In the gap, or creating

localized band-tails,

We are thus able to obtalin the ameorphous characteristics of:

eumelanins- - from ordered. . polymers with everall : m—electron.

delocaiizatian. Since Lt is often postulated however that scme

degree of actual disorder 1is found in synthetic and probably in

biologlecal samples, lt 1s natural to ask 1f the propertles found
for ordered polymers can stlil be obtalned when disorder Iis
present. As a first appreoach to disorder we investigate in this
papeé the Influence of some simple defects on the electronlc

structure of the polymers studied in I.

2.Hethod _

" We use the approach of Huckel r-electron theory. HT(itl.\uithIn
the éame parametrizatlion used in I. As discussed'there, there ts
enough justification for neglecting o-symmetry electronic denstty;
however, we are not able to discuss total energles and other
soenerties which depend on the expllcit 1nc1us10n of all eleetrons

in 1 we investlgated both finite .and 1nf1n1te ordered
structures following the polymerization directions suggésted by.
dimers 1°to 4 in Flg. I, and aIloulng only unlfcrm bondlng between
units. He concluded that the behavior of the ‘m-electronic structure
{such as charge dlstrlbutlon within a typlcal "cell” or monomer,
and energy level spectra) stabillzes after 2 crlflcal slze ig
reached. Thls eritical slze may vary from = 6 to 10 monomers and at
this polnt, usling the results for the lnflnite perlodic chains. we
can distinguish clearly which effects come from the "bulk" and
which come from the finltefiess of the polymers (end-effects). _
In order to simulate defects 1In these polymers we usé'thué.
chains with nine or ten monomeric units, inte which we inzsert a
"defect cell". Results may then be compared to the reference
“perfecﬁ" polymers discussed in I, and the Infiluence of defects.
evaluated straightforwardly.
" We may eclass defects as natfve or “intrimsic”, or as
fmpuritiles or "extr;nslc". An impuripy would be a different.

molecule (a precursor or Iintermediate product} introduced in the

_qulnold- skeleton either “substltutionally" (replacing a quinoid

unlt in the linear chaln) or through lateral aggregation We study

vzz .(see scheme In Flg. 2a) the effect of ‘substitutional




introduction of DHIC- { . dihydroxylndole-2-carboxyllc acid ), an
intermediate product In the Raper;Masontlzl oxldative sequence. We
remark'.that this defect . could also ' be regarded as lateral
incorporation: of the'impurity'radical'carboxyl (COOH} into site 2
of-aﬁy,redox-form of the chains. Other impurities such as Lyrosine

or. dopa, though egually: 1mportant. form open (non-cyclic)

structures so the use of HT is not--indicated, We remark that dye -

to the fintteness of actual chalns, results might depend on whether
the lmpurlty is introduced  in the middie of a chain (far from an
ending ), or exactly at a chain end, where it- would probably

interfere with-.existing end-type defects. Accordingly, we have

studled..for" each . structure . the thtroductlon of "the carboxyllic
impurity. 4t the- first, central and last cells.

Hatlve defects may “be  Introduced  in different ways, and
correspond to a-fault in the ordertng of - the linear chain ‘without
the accurrencer of any alien unit (even’ ‘“the redox form 1is
naintained). The chain-end itself might be an example, which we
.investigated in-I; We-could alsc have in this clasg en additional

mlsplaced“ unlt bonded-to & “regular® skeleton unlt through any of
the. free .bonding . sites. - The - possibility of aggregation of
molecules. to: the. melanin macremolecule, with no noticeable effects
on: 1ts: spacial structure; 1s-sugges§ed by X-ray measurementsJ(EJ
Hene_He~study-thlswIateral-aggregatlon. but'- only when it occurs
through: a.-2: % 2 bondy :as-shown in: Fig: 2b. This choice was based
firstliy: on- the: evidence for a falr-. percentage of type-S-dimers (see

Figui: Y)ri as -resldues‘ls)

“in- chemical - analyses of "eumelanins;
(12).

furthermore; - results::
uf:B!atom!c:Overlap}-indeed:po!ntato the stablllty of these dimers.

He.even: suggested-in I that- these dimers: could work as anchors or

seeds. In. this . case: alse. the pesition of the defect along the

chain-mlght.be-o£~relevance. and we proceeded as for the carboxyl
radical.. )

‘Another-nattve-defect which. we. study here and might easily be.
_intruduced In a polymer:during growth.is the presence of a 2 x 2.

with' the MNDO technlgue: (Modified Neglect :

bond somewhere within a differently bonded chain. We might imagine,
If type-5 dimers work as polymer seeds, . that after this dimer ls
formed polymerization could proceed aleng another directlon on both
sides of the seed. The seed would remaln embedded in the final
product as shown schematically in Flg. 2c. For this study we
place the defect Just In the middle of the chain.

A different polymerization fault eould occur. through a sudden
change of polymerization path. That 1s, a chaln growing through
uniform bonding in direction % A ( e.g. # 1 with 3 X7 and 4 % D
bonds ) abruptly deviates to direction # B (e. £ # 2. lacking the
bond threugh the oxygen) and contlnues onwards with uniform bonding
in the new directlon., This defect 1g similar to a Junction. A/B
between two distinct materials, since we know that band structure
characteristics depend on polymerization direction. We point  out,
however, that A/B and B/A Junctions (see Fig. 2d and elmight
present different features, and so we investigated both cases for
every palr of chalns. Here we agaln place the defect or junction
in the middle of the chain.

We present in the followlng sectlon selected results for
defects of the kind discussed above., Structure #4, as discussed in
I, leads to states wltﬁ very small coupling between. units, so
effects of impurities or even Junctlon effects sheuld. not’ be
relevant; it does not allow, furthermore, for introduction of DHIC

as an Impurlty. Accordingly, we. have chosen to 1mp1ant defects in
chalns #1 te #3 only.

3~Results and Disscussion

Ve start the discusslﬁn_by the  DHIC impurity, first amalysing
the effect of appending the COOH radical into site 2 of - the
isolated molecules 1¢, 5Q. and #HQ. He find that the n-electron
spectrum is affected In very-slmllar_ways for any redox form of the
molecules: twe occupled states are- introduced -in thé'lawer half of
the band of occupled levels, which are. highly cancentrated on theu

radical atoms: and an empty state 1s_placedrcluse-to the . secand




unvccupled  state of . the indole molecules;, -so that a strong
perturbation of the charge density follows for these unoccupied
states, but with little effect on the energy or of the LUMO ltself.
This s ‘Vs.lr'xdiprﬁ":"ln"'}".-l.g__.: 3, where we plot results for the energy
levels of the isolated monomers (column = ) and of the finlte

polymers studied {n 1 (columns #! to #3 ), arcund the gap region of

the infinlte chailns; results for the band structure of each

infinite polymer are also shown as boxes superimposed on the data
for the correspondig finite structure (from tables I-I and I-III}.
In the same figure we enter (column r ) the energy levels obtalned
for- the lsolated molecules with the COOH radical (DHIC Iin the H
forn), and the smallness of the perturbation on the LUMO energy !s
¢lzar.v seen. S
£: 'may be anticlpated from these results, the radical
"portion" of the impurity molecules plays no relevant role in the
definltion of the states close to the band edges. In analysing
Fig. 3, we should keep in mlnd that the LUMD. of the impurity
molecules is very.si:.nilar to that of the host molecules, since
little charge 1s. proJjected over the COOH radical. Hovever, small
perturbations can be seen for some of the structures. Ve dilscuss
first the Hi case, for which. wve do not have end-type defgcts in the
case of the ldeal polymer. We show in Fig. 4a the local density of
states ( LDOS } over the first cell { monomer } of the ideal chain;
in parts b and c we show the. LDOS far the first cell of the
perturbed chain, which is in thls case the Impurlty cell, separated
in the amplltude over the indole atoms in b and the ampllitude
specifically over the CGOH radical in ¢. It may be seen that the
impurity bringé an empty state -inte the gap, very close to the
conduct lon band minimum . which is quite localised 1ﬁ the Impurity
cell but not specifically over the radical ( the LUOS over the
radical also shows a peak ab the lmpurity level enrgy, Iindicating
't participates- in the binding process ). The presence of the
.nuurity forces thus loealizatlon of the LUMO without intreduction
of c‘.;é",a' defects. and causes Just a band-talling effect. Visible ln

Fig. 4c sre al=o the occupled states: introduced in the lower half

of the valence band. Very similar results are obtained if the -

defect 1s placed in the middle ér last cells for this chain, and- we
cenclude that the perturbation 1n the electronic structure is
ratﬁer small. Simllar effects are seen ln the case of S2( middle
and last cells ), §3 {last cell ) and H3 (mlddle cell ). For the
remaining structures the perturbaticn is still smaller, no. state is
introduced in the gap of I structures { other than the exlisting end
defect ). The effect in the vibratlonal spectrum would undbubtly

be stronger.

We pass now to the results for the lateral "aggregation of a

host molecule through site 2 of = skeleton unit as in Fig 2b.  As:

sald 1n the Introductlon, this. defect could also: be viewed as' a. #5°

dimer acting as =a substltutional {mpurity { the: polymer seed }.
Accordingly, we enter also .i1n- Flg. 3 the results :for the
correspondlng dimers (column d5 }.

Analyslng the energy locatlon of the LUMO of the dimer

relative to the band edges for the different polymers, we' may

expect now stronger effects. on the electronic s-truct'ure': - for

instance, for I structures we might expect a midgap acceptor Ievel) '

and the same effect for the St chain.. This defect level Is"In fact

obtalned but not In every. case. For the 13 cheln the  level l|s-
‘Introduced at 0. 188, already closer to the conduction: band' than’

might be antlcipated, and only when the impurity ls appended to the’

last cell of the chain ( in the opposite end, thus, to the accéptor
end-defect c¢ell J; the state shows charge highly leocalised over

both cells, the skeleton and the aggregated cell, indicating that’
the . interpretation of the -defect as 'a dimer - impurity is-

appropriate. A very lnteresting case is that of the St structure;:

for which the end-defect already introduces a midgap level quite

close, in energy, to the new defect level. What we observe is

that, as shown in Flg. %a-c, botn levels remaln extremely locallsed’

over the corresponding defect cells, so that there is almost ne

defect interaction over a distance of only four cells._

0




Furthermore, . even when the defect 1s Introduced 1m the last cell. of
the chaln. (where the end-defect. is located ) the  interaction
between the defects is.such that twec deep acceptor levels appear in
the gap, A -slmilar effect 1s seen .For the H! structure.
Systeﬁatica}ly for aggregation in any region of the polymer, the
defect intreduces an. acceptor. level with high charge localization,
that appears now, however, close _to. the conduction band of the
chaln; the energy of the defect level is hardly changed ln this
case from the energy of the LUHb of the dimer .

The. effectiveness of #5 dlmers in playlng thefrole.or capture
centers.is met epgaln when we analyse the results of introducing
this 2 x 2 bond in the middle of the chains, right along the
w-electron delocalization path as Indicated in Fig. 2c. We now
satain ‘the expected strong perturbations. in the - electronic
structure; with lntroductipn of deep levels. for the chains 12, I3
and 8i; and locallsed "band tali" states for chains 82 and S53.
Agaln for the §1 chain the end-defect i{s not affected, and the new
state s introduced only slightly higher in energy and spatiaily
locallsed. over the dimer seed; as shown 1n Flg. Sd.th;re s also a
perturbation at the top of the valence band. In thls case, an effect
that is seen for therother § chalns and could be inferred from Flg.
SQ._ For the H structures we oﬁtaln.strong perturbative effects,
with aqceptors Intreduced in the upper half of the band gap for H1
and HZ,(locallsed_pver_thé dimer in tﬁis.latter case J); our results
cannot be _qegardeﬁ_ as. definitive, however, since these B forms
require‘longer chalns. to stabilize (. ‘as deseribed in I ) and the
1ength used here - cells .on_each slde of the seed; 1s probably too
short .

We come noWw teo the analysis of the last type of defect
investigated here, the sudden. change of polymerizaton direction
along a chain. As remarked In the previous sectlon, we obtaln the
characteris;ic electranic. structure of a Junction between tuo
different materlals (except for the case I3/12 which we discuss

Jelow-}:.for instance in the cases S1/S2 and $2/51 the “conductlon

band edge" is mpatially definedrhy the polymerization sequence on
each side of the Junctlon. The end-defect of the S1 structure in
particular is not affected in the case. of the 52/81 Junction, and,
more striking, does not seem to be affected In the S1/52. case
eithér. in spite of the fact that 1t is locallised exactly at the
palymerlzatlun fault: the lack of the bond through the oxygen atom
1s enough to concentrate charge 1n an unoccupled state { which is
now hlgher than the first empty state of the nefghboring $2 cells,
as 1s expected from Fig. 3b ) that 1s not seen 1n the netghboring
S1 cells, Only in the case of the I3/12 Junctlon a dlstinctive
effect iIs observed, In that the electronle structure is completely
altéred. Ameng all chalns considered in thls work, I3 is the only
ohe <0 present the energy difference for the LUMO and HOMO almost
zero) each of these states is highly localised, but over opposite
ends of the chain. Mhen we Join the last cell of I3 with the first
cell of I2 we are.“forcfng_inio contact" the donor end-defect (.
HOMP) of I3 and the acceptor end-defect of 12 ( LUMD. }, This .
interaction causes a 'complete redistribution of the electrenic
structure, extending well into both sldes of the Jﬁnctlon. which
has the net effect of filling the energy.gap with new states.

With the exceptlon of the I3/12 Junction, then, we. may say
that changes of polymerlzation path. do not introduce new ( 1n
character )} defect states that could act as capture centers;. on the
other hand, this polymerizatlon fault does not seem to deactivate
existing centers.

4-Summary and Conclusiong.

ﬁecalftng the  cenclusions drawn in. Ref. 10 and in I for
melanin granules or pellets in the solld state we could picture the
closely packed chains as an amorphous semlconductor with bands
roughly defined by the infinite chatns (boxes. In Flg. 3}). The
ex!stence of defects with deep states in the gap, . and associated

with high charge iocallzatlon, permits us. . to explaln  the

10




electron-acceptor behavior of  this hypothetlcal “melanin: an

electron injected at the surface of the pigment would be captured
and remain .trapped at ‘such 'defects, producing the obser‘ved(SJ
magne_tib signal. A second electron captured at the same center
would have its fonizatlon energy {to the conduction band) much
diminished die te electron-electrém repulsion eff‘écts. and would be
easily transferabile to - ancther (empty) defect center through the
i1tinerant states of the band. The spin concéntratloﬁ should be
roughly independent of temper‘ature(sl. since the lsclated trapped
electrons, responsible for the S=1/2 slignal, should not be
thermaitly  released’ at:'re;:.sonabre temperature; véry few defects
would be. doubly occupled’ (S=0}, however these defects could be
iqnl‘zéd‘ ‘giving’ rise to a very slight Increase in spin concentration
with temperature.. - - .

For soluttom s'a.m'ples.' _an- the othier hand, the. chains behave as.

isolated molecules whence double accupation of defects levels is
more probable (without the semiconducting media to cantrol the
"Fermt. level*} and we ‘may now expect increased temperature
dependence. for- the spin concentration: each doﬁbly negative
molecules {S=0} may therﬁally release one electron to the aqueous
'medi_a-. activating the magnetic slgnal (S=1/Z).

In our previous works 9710}

we suggeste'd these defects could
be introduced by' the physical ending of the <chalns. Here,
p.roceeding. with the systematlc study of polymers of
5,6-indolequinone. tnitlated in I, we introduced isolated defects tn
the. flnite chalns, and alse Investigated changes in the

polymerization direction along a fintte chaln. Thls study In

finite polymers 1s valldated- by our previous investigatton of

"perfect" finlte and Infinite chains, which allows us to identify
new states introdiced. by the defecks.

Among ~the defects studied here, the incorporation of the

carboxyl radical into site 2 of skeleton molecules is the one to
tnduce less perturbation, Indlcating that a fair amount of this

impurity could Indeed be present in actual melanln samples, as

11
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recently suggested
molecules would thus appear to be the relevant quantlty 1n this
case. The sudden deviatlon in the polymerizdtion sequence, with a
single exception, also does not affect the electronic structure of
the compound 1n & significant way, except maybe in introducing more
end-11ke defects, When we come to the #5 dimer impurity however,
1nvolv1ng' the 2 X 2 bond, we see in the gap reglon of most
structures the appearance of deep locallised states that a.re
intrinsically new states. ;

This effect offers an alternstlve to ‘the -introduction of
localised electron traps other than the actual breaking of ' a chalm
caese dimer lmpurlties would effectively enhance the 'capture
p:-o'cesses, without In any way altering the wmaln’ electronic
structurfe of the polymer. ' .

The model we suggested im I for eumelanine, of 4 mostly
ordered ‘polymer of one ‘or other redox form of indolequlnone;’

densely packed In the solid state, - with -structural defects of

limited order acting as electron-capture centersor Introducing’

amorphous—11ke band-tall states, stinds strongly reinforced by this

study of locallsed defects.  These polymers: demdnstrate ‘a

remarkable stability, as' ~ regards electronic ' structure

characteristics, against structural defects. On the other hand,

defects that do induce strong perturbations may perform the same

function, namely trap eélectrons galned by the plgment’ from nelghbor
donor moleciles which could degrade the biological environsent.
The results presentéd here were ‘obtatned” from a’ model that,
although closer to thie presumédly disordered matural®plgment than
the model used in I, ls still pertlnent to models for defects In
ordered compounds. In the next artlclé in this series we' will use
g poWerful technique for the study of - long-rabge disérder’ in finite
chains[m}, which will allow us to lnvestigate defect interaction

'«:’.'.'c"'other-' typical disorder effects in indolequinone chalns.
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Flgure Captions

Flg, 1} Scheme of the molecules 5,6-indolequinone ( 9 ),
semlquinone ( 8Q ) , and 5,6 dihydroxyindole or hydroguinone ( HQ
) aléo the polymerization directlon§ studled In this serles of

articles, represented by the dimers.

Fig..z) Schematle representation of the defects studled In this
work:a) Aggregatlon of the carboxyl radical COOH 1nto slte 2 of a
regular skeleton unit; b) lateral aggregation of an identical
molecule into site 2 of a regular skeleton unit; c) substitutional
{ embedded ) #5 dimer impurity or single pelymerization fault; d,e)
deviation of pulymeflzatlon direction or junctlions A/B =nd B/A.

Fig. 3} Eﬁergy level scheme for relevant systems around the gap
region of the Infinite polymers studled here. a}l Indolequinone I
forms; b) Semiquinone § forms: c) Hydrogquinone H forms. The first
; the
middle columns to the finite (horizental lines ) and infinite (

column of each portlon concerns the isolated monomer [ m )

boxes } chains, labeled according to polymerizatlon direction
following the notation of Flg. 1; the column marked r refers to the
isolated molecules with incorporation of the carboxyl radical COOH
through site 2; and in the column marked d5 we enter results for
the isolated #5 dimers, Solld lines Indicate occupled states,
dashed lines uncccupied states. Results in units of 8, the

resonance energy, and the zero of the scale is In each case at E=q
( see Ref.11).

Flg. 4) Local density of states { LDOS ) obtalned through Huckel
#-electron theory for a) the first cell of the "perfect" Hi chaln;
b) the first cell of the H1 chain, where now we have aggregated the
COOH radical, without the contributlon from the radlcal atoms; and
¢} the contribution from the radical. Energles as in Flg 3; the

veriical line separates. occupled from unoccupied states.
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' Fig. 5 Local density of states [ LDOS ) obtalmed through Hickel
theor;y for a) the mlddle cell of the "perfect” Sl structure; b) the
middle cell of the S1 structure where now an ldentical molecule 1is
ag'greé'ated- through site 2 ( the LDOS over the aggregated unit is

very similar }; e) end cell of the same perturbed structure as in

' b{vérs.’- similar to the end cell of the perfect structure, shown In I

¥y and d)} the middle cell -of the S} strusture when the bonding.

‘sequence is: singly deviated to &4 2 x 2 bond, or in other words,
.uhén._ the:- cell 1s part of & HS-dimer lmpurity embedde.d' in the chain.

Enetgies as. in Fig, 3. The vertical line separates occupled from
upocbupied states in each.case.
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