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Abstract: A set ofa-coupled oligothiophenes, dimer through hexamer, was studied. Each oligomer was terminated
with two methyl groups and was substituted with two or four methoxy groups. Electrochemical studies showed that
methoxy groups substituted at “insid@*positions on the terminal rings (positions toward the center of the chain)
gave stable cation radicals. TE& values for the reversible couples were 6:2452 V (SCE). The changes E?

with structure were explained using PPP molecular orbital calculations. Cation radicals were generated using either
chemical or electrochemical oxidation, and in several cases stable salts were isolated. —FleamiR spectra of

the cation radicals were recorded. In §&H solvent the cation radicals were monomeric and showedtwa*-

bands, which shifted to longer wavelength with oligomer length. In@¥solvent the cation radicals were primarily

in the form of z-dimers, which showed twa—sa*-bands and a charge transfer band at longer wavelength in the
near-IR. All three bands shifted to longer wavelength with oligomer length. The equilibrium constant for dimerization
increased by a factor of #@n going from a terthiophene to a quinquethiophene. Spectra of oligomers terminated
with hydrogens or dimethylphenylsilyl groups showed that steric effects of the small hydrogen and bulky silyl group
onz-dimerization were very small. Methyl-terminated oligomers substituted with “outside” methoxy in the terminal
rings gave rather positive oxidation potentials and unstable cation radicals. In one case, the cation radical decomposition
products were studied and it was shown that reactions had occurred on a terminal methyl group.

The recent spate of publicationg concerning oligothio-

oxidation, and monocations formed by protonafio®f special

phenes has focused on the optical and electrical properties ofinterest here is the formation of cation radigatlimerg2°from

alkyl-substituted oligomers. Fundamental data have accumu-such oligomers. These aggregates have important implications
lated concerning electrochemistry and the spectra of neutral,for the mechanisms of charge transport in conducting polymers
cation radical and dication species, and these data have beemvhere the important unsolved problem concerns interchain

used to model neutral and oxidized polythiophenes.

The electron transport. There is increasing theoretiaal experi-

electrical, nonlinear optical, and electrooptical properties of mental®!!evidence that such dimers or stacks may be present

oligothiophenes have also been develope@ur interest has

in oxidized polythiophenes. It is commonly held that diamag-

been directed toward cation radicals and dications formed by netic bipolarons, dications confined to a segment of one chain,
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are responsible for the conductivity of materials like poly-
thiophenet213 However, if z-dimers and stacks are present,
this 1-D theory cannot be adequate. We have suggested that
the spectroscopic evidence for bipolarons in conducting poly-
mers might also be interpreted in terms of diamagneteny-
gregates of cation radicals (polarons). Sorting out these
alternatives might be possible if one has legitimate models for
the spectra of the different species. The cation radical and
dication spectra of a number of unsubstituted and alkyl-
substituted oligomers have been repoftethut until now only
limited information has been available concerning the spectra
of their cation radicalr-dimers. Here we document the wis
near-IR spectra of a set of such dimers and discuss the changes
in the extent of dimerization as a function of the structure and
medium.
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terminal positions™ to prevent dimerization and polymeriza- tion refers to methoxy groups symmetrically attached to
tion, we have become aware of the limited stability of such g-positions nearer the center of the molecule, while outside
species. Stability is clearly important for conducting devices refers to substitution orf-positions nearer the ends of the
where cationic species are present, but it may also play a rolemolecule.

in devices utilizing nominally neutral oligomers in which current Electrochemistry. Methyl-terminated oligothiophenes with

is passed through the device, giving the possibility of irreversible two (lla, Illa, IVa, Va) or four (Vb, VI) inside methoxy groups
oxidation. The present investigation explores stabilization of were studied. These were electrochemically oxidized in me-
oligothiophene cation radicals, using methyl-terminated oligo- thylene chloride/0.1 M tetraethylammonium fluoroborate or
mers substituted either “inside” or “outside” with methoxy hexafluorophosphate solution or in acetonitrile/lithium perchlo-
groups’® These were chosen on the basis of the electron donorrate solution at a glassy carbon electrode. CV (see Figure 1
capacity of alkoxy groups which seems to stabilize cation for an example) showed two reversible coupleslifta, IVa,
radicals derived from oxidatively oligomerized methoxy- Va, andVb in either solvent (6690 mV anodic/cathodic peak
thiophené* and oxidized poly(alkoxythiophené8)as well as separation for each couple with equal peak currents). Clearly,
the stabilizing effects of terminal substituents which impede both the cation radicals and dications from these inside
cation radical dimerization and polymerization. oligomers are stable on this time scale. Dinllar gave one
Results and Discussion reversible couple and one irreversible couple in ;CH

The synthesis and characterization of all the oligomers exceptHéxamer VI formed a precipitate on the electrode when
llic (Chart 1) have been described elsewlféfeHere we report oxidized. Cation radical stability was confirmed in several cases
cyclic voltammetry (CV), Coulometric oxidations, optical Py Coulometric oxidation. lla, llla, and IVa in CHCl,
spectra of cation radicals, cation radigatiimers, and dications, ~Underwent repetitive 1.0 faraday/mol oxidations and 1.0 faraday/
molecular orbital calculations, and the oxidative decomposition Mol rereductions, regenerating the original oligomers in high

products from one compound. In the following, inside substitu- yield. Complete stability in methylene chloride sqlution or as
isolated salts for more than one month was confirmed for the

kaod) Chang, 2. C.. Miler, L. 1.3ynth. Met1987 zzs?;htiellt\j/lgi%s '\é' cation radicaldlla * andIVa* and is, therefore, expected for
222%7 .; Litterer, G.; Mecklenburg, T.; Wegener, ) the longer analogs.

(15) Dietrich, M.; Hinze, JSynth. Met1991, 41—43, 503. This stability is greater than that of other small oligomers
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Figure 1. Cyclic voltammograms measured using 0.1 MNBF,/
CH:Cl,, a 3 mmglassy carbon electrode, and an SCE: (a) 1 HiM,
20 mV/s; (b) 1 mMillb , 100 mV/s.

Table 1. E° Values

compound E.° EX compound E;° EX
lla 0.52 1.24 Va 0.48 0.70
llla 0.50 0.92 Vb 0.24 c
IVa 0.49 0.77 llic 0.64 1.09

aCH,CI,/0.1 M EY4NPF;, scan rate 100 mV 3§, glassy carbon
electrode, SCE, &= (Epa+ Ep)/2. ® Anodic peak potential, irreversible
oxidation.¢ Adsorption distorts the peak shape.

lacking the methoxy groupsa,w-Dimethylbithiophene gives
an irreversible first oxidation peak, and,w-dimethylter-
thiophene cation radicdlif is only stable for minutes at room
temperaturé® Similarly, the silyl-terminated dialkylter-
thiophendlle gives only one reversible couple at 50 m4§
while llla gives evidence for a somewhat stable dication.
ApparentEP values are shown in Table 1. Most interesting

are theE;° values for the inside dimethoxy seriés —Va, which
shift less than a hundred millivolts to more negative values with
increasing oligomer length. The expectation from the literature
was for a larger shift, but clearly the methoxy and methyl groups
on the end rings effectively stabilize the cation radical charge,
regardless of the number of intervening rings. Two methoxys

Scheme 1
H3CQ OCHs
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shift E;° to about 0.5 V compared to, for example, 0.99 V for
dimethylterthiophendlIf .72 Two more methoxys give a further
shift to 0.24 V for \b. As previously noted for silyl-terminated
oligomers? there is a more substantial shiftia® with oligomer
length. The stability of dications depends on reducing the
Coulombic repulsions, and longer oligomers are more effective
in this way. In total the electrochemical data confirm our
expectations that insid8-methoxy groups have an important
stabilizing effect on cation radicals and dications.

Surprisingly, the isomeric outside dimethoxyoligothiophenes
lIb, lllb , andIVb did not produce stable cation radicals. CV
(Figure 1) showed an irreversible first oxidation even in poorly
nucleophilic methylene chloride solvent at 100 m¥t.s The
anodic peak potentials were around 0.7 V ftir, lllb , and
IVb. Coulometric oxidation ofllb consumed approximately
one electron per molecule, but re-reductions did not regenerate
the original oligomer. UV~vis spectra of the oxidized product
showed peaks at 407, 590, and 634 nm, but not near-IR peaks
characteristic of cation radicals. The 590 nm peak appeared to
be due to the catioHlbH * 7 arising from protonation ofilb
with electrogenerated acid. To facilitate product isolation, a
preparative oxidation was performed in acetonitrile in the
presence of the base 2,6-lutidine. After passage of 2.2 faradays/
mol workup and chromatographic separation, the alcohol and
aldehyde shown in Scheme 1 below were isolated and identified
spectroscopically.

Both of these products come from reaction on the “blocking”
methyl group. This is understandable in the sense that oxidation
activates the methyl group in a fashion quite analogous to
electrooxidation of toluene and methoxytoluéhdeading to
loss of a proton from the methyl, further one electron oxidation,
and trapping by nucleophilic water. Importantly, the “benzylic”
radical and cation are resonance stabilized by the neighboring
outside methoxy group, lowering the activation energy for
deprotonation of the methyl group. We suspect that other alkyl-
terminated oligothiophene cation radicals and dications are
reactive at that terminal blocking group.

Molecular Orbital Calculations. In order to understand the
EC values for cation radical formation, PPP calculatidngere
performed. Thesea-electron calculations are paramaterized for
spectra, but like the results from any MO calculation the HOMO
energies can be correlated wiff? values. The structures
calculated lack the methyl groups on the terminal positions. A
linear, all-trans geometry with all the rings in the same plane
was used. Essentially this geometry was found by X-ray
crystallography for tetrameliVa without terminal methylgd
In one run precise bond lengths and angles from this X-ray
structure were input. As expected the small changes in
geometn®? from perfect planarity, had &10% effect on the
orbital energies.

The calculatedEyomo values (Table 2) increase only slightly
as oligomer length increases on going fréka to Va. This
correlates well with the experimental observations. Furthermore,

HsCO OCHs

e /3 BY:
e e WA e

HiC OCHg3
I\ S [\
CHG%—Q—CHO
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Table 2. PPP Calculations

compound —Enowmo (eV) —ELumo (eV) Amad (M)
lla 7.62 1.70 370
llla 7.47 2.19 439
b 7.73 2.33 445
IVa 7.38 2.49 490
Va 7.34 2.68 529
Vb 7.00 243 549

a Calculated with CI.
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Figure 2. Vis—near-IR spectra ofila *: (—) 1.04 mM in CHCN/
2% TFA.
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Figure 3. Vis—near-IR spectra ofva*: (---) 0.26 mM in CHCI,/
2% TFA; (—) 0.57 mM in CHCN/HBF..

the coefficients of this orbital are substantial on the position
substituted by methoxy, explaining the methoxy stabilization.
CompoundVb with four methoxy groups has a less stable
Enomo as expected from the experimenEl

In contrast, thé&eomo for outside-substitutetib is relatively
low and the coefficients of the HOMO on the outside position,
the position substituted with methoxy in the outside methoxy
isomers, shows a small value. This explains the lack of
stabilization by this methoxy and the relatively high oxidation
potential of the outside isomers.

These PPP calculations also give #y values for neutral

Yu et al.
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Figure 4. Vis—near-IR spectra o¥a™: (---) 0.34 mM in CHCIl,/
2% TFA; () 0.24 mM in CHCN/HBF,.
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Figure 5. Vis—near-IR spectra of/b*: (---) 0.19 mM in CHCI,/
2% TFA; (—) 0.40 mM in CHCN/2% TFA.

calculations show that as the oligomer length incre&sego
decreases whil&yomo is rather constant, explaining the trend
to longerA with oligomer length.

Optical Spectra. Visible spectra of the neutral oligomers
were recorded in CkCl, and CHCN solution. Thélmaxvalues
in Table 3 show the expected progression to longer wave-
length as the oligomer length increases. These shifts are
qualitatively mirrored by the PPP calculations (Table 2).
Dimethoxy substitution gives an about 20 nm shift in fhex
to longer wavelength compared to the unmethoxylated analogs,
i.e., llla (384 nm) compared tdlf (364 nm).

Spectra of oxidized species were measured in@Hand
CH:CN solutions. The formation of cation radicals and
dications was controlled stoichiometrically or by monitoring the
extent of oxidation spectroscopically. The spectra in Figures
2—6 and the data in Table 3 were obtained using either
trifluoroacetic acid or fluoroboric aci® For the longer
oligomers the oxidation was rapid; for the shorter ones pho-

oligomers, which were correlated with the spectra below. The tolysis was used. Very similar spectra were obtained, however,

Table 3. UV—Vis and Near-IR Data/nax (nM), hvmax (€V)]

radical catiop n-dimepP
oligomer neutral 1 2 1 2 3(CT band) dicatiof

lla 384 (3.23) 580 (2.14) 890 (1.39) 495 (2.51) 730 (1.70) 1015 (1.22) 643 (1.93)
llic 393 (3.16) 590 (2.10) 910 (1.36) 515 (2.41) 743 (1.67) 1010 (1.23)

IVa 414 (3.00) 680 (1.82) 1150 (1.08) 550 (2.25) 855 (1.45) 1140 (1.09) 703 (1.76)
Va2 438 (2.83) 777 (1.60) 1444 (0.86) 593 (2.09) 1001 (1.24) 1335 (0.93) 838 (1.48)
Vb2 455 (2.73) 740 (1.68) 1190 (1.04) 611 (2.03) 948 (1.31) 1391 (0.89) 810 (1.53)
Vca 431 (2.88) 756 (1.64) 1370 (0.91) 591 (2.10) 984 (1.26) 1330 (0.93) 821 (1.51)
Vvia 486 (2.55) 861 (1.44) 1695 (0.73) 709 (1.75) 1268 (0.98) 1033 (1.2)

a|n CH,Cl, solution.? In CHsCN solution.
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077 Table 4. z-Dimerization Equilibrium Constants

06+ cation radical  Kpim (MM™2) cation radical  Kpim (MM™1)
IMa * 0.72 Vat >10°

05T Ind + 100 Vb* >10°
IVa*t 79 \o >10°

04 +

aFrom ref 7b.
0.3 +

Absorbance

spectra, two bands are assignedrtarr*-transitions. They are
shifted to shorter wavelengths and are significantly broader than
the corresponding peaks of the monomeric species. The third,
. ‘ ‘ ‘ ‘ ‘ ‘ L longest wavelengthr-dimer band is assigned to the “charge
200 600 800 1000 1200 1400 1600 1800 2000 transfer” (CT) transition, an excitation polarized along the axis
Wavelength (nm) joining the two cation radicals. This band has proven illusive
in previous reports afi-dimers. The reason is now clear. The
band is relatively broad with a smallé,.x than those of the
m—m*-bands, and it lies quite close to the long-wavelength band

when oxidation was performed with iodine or Fe@ CH,Cl, of the monomeric cation radical. A broad band shape at
or iodine in CHCN or when anodic oxidation was performed Wavelengths beyond the—z*-bands is often observed for
in either CHCI, or CHCN. We note that iodine is not a  charge transfer bands.
sufficiently strong oxidant foa or llic . When cation radicals ~The data fotllla, IVa, Va, andVb demonstrate that longer
formed, triiodide peaks appeared in the spectra. In general theoligomers dimerize more. To quantitate this effect,dhvalues
cation radical spectra were stable for days or months. Dicationsdetermined in ChCl, were used as the values for the
were generated in Gi€l, by acid photooxidation, by Feglor monomeric cation radicals in GRN. This allows an estimate
anodically. of the undimerized cation rad_lcal concentratlor_l indCHN. We
The spectra of cation radicals in GEl, were dominated by ~ asSume only monomer and dimer are present igCNj which

the two peaks of the unaggregated species, whilgQbHgave then allows a calculation of the relative concentrations of the
spectra dominated by three peaks of the cation radiahiners. two species angl the_ equilibrium constanp;K = [y?-d|m<_er]-
Often it is possible to discern the peaks from both species in [cation radicalf ; It 1S fc_)und (Table 4)_that the trimer is the
one spectrum. Follla, which does notr-dimerize strongly, least prone to qlmerlzatlorKDim = 1, while the pentamers are

it is possible to see nearly equivalent absorbances from the twotN® most dimerizedpim > 1C° (the monomer peaks are very
species in acetonitrile (Figure 2). Further confirmation of the small). _T.heKD"“ E)r IVa VY‘?TQ‘ checkeq using the ESR spin
spectral assignments was obtained by increasing the concentraS@Unt 9ivingKoim = 66 MM in approximate agreement with

. . . . . . 1e— _ 1 . i
tion or lowering the temperature to increase the relative intensity the vis—near-IR value of 79 mM. Koim values are determined
of z-dimer peaks. As previously discus&dthe different ~ PY @ number of factors including (a) thebond strength, (b)

behavior in the two solvents results because the more polarVan der Waals effects, (c) Coulombic effects, (d) steric effects,
acetonitrile can disperse the charge and minimize the Coulombic@nd (€) sorl‘vent effect._ .We have_ not att(Tmpted to dissect ltlhe
repulsions that result when two cation radicals come together €f€Cts. The CT transition energies (Table 3) become smaller

in az-dimer. Similar effects have been observed for other ion S the oligomer length increases. This indicates that oligomer
radicald® and for cationic dye& length stabilizes the CT excited state even more than-thener

The unagoregate caton raiclshave specta (Tabe ) autd! W1 21, One xlaretn of e excied sate abivaton
similar to those of unmethoxylated analogs, but shifted to 9 9

slightly longer wavelengths. This is reasonable since the donortIralnSfer gives dication/neutral valence_ bond structures. EP*_‘?
methoxy groups are in conjugation with thesystem and values (Table 1) show that longer oligomers would stabilize

interact strongly to stabilize the positive charge in the oxidized such structures. There are, hpwever, a .number c.)f other
species. These cation radicals show bands due-ta*- explanations |n_voIV|ng the variations afbonding and dimer
excitations from HOMO to SOMO and from SOMO to LUMO geometry as _ollgomer_length changes.

as expected. Usually these bands show vibronic struétre. ~ Consideration otr-dimer geometry led us to measure the
(In Table 3 only the position of the most intense vibronic band SPectra of two other oligomers. Trimélic has two inside

is listed.) As the oligomer length increases the bands shift to MEtOXy groups, but bulky dimethylphenylsilyl terminating

. ' +
longer wavelength due to the greater delocalization lengths. 9rOUPS replace the met_hyls tjf_a. Cayon_rad_lcallllc was

In CH3CN solutions three bands are observed for all the cation ge_nerated electrochemically since oxidation in the presence of
radicalz-dimers, except for the hexamer which was so insoluble gct:gnga\_ﬁ;rllléJES;azlcetrgr?ndlégtt,hpéegm:r?(ljyéﬁngr(g)rt;%?sSIly-
in acetonitrile that a good spectrum did not result (Figure 6). ’ P 2

. - L ;
We found no evidence for mixed-dimerg formed from cation 2 mzrihgiag){[rlgsg;ag;zéngsi:;aa Balr\llgtg'[k) lleollsst?%’rgx
radicals and neutrals present in partially oxidized solutions. 9

; h . . L at 1010 nm. We further note that the equilibrium constant for
Following our previous assignments of cation radicalimer dimerization has not been substantially diminished by the bulky

0.2+

04 e

Figure 6. Vis—near-IR spectra o¥/I*: (---) 0.32 mM in CHCI,/
2% TFA; (—) 0.023 mM in CHCN/2% TFA, 1 cm cell.

(16) Weinberg, N. LTechnique of Electroorganic Synthesis Wiley: group. To study the smallest terminating substituent, hydrogen,
NeEN \;ork, 1974, Part 1, Chgltecrh4. o ) we chose unmethylated pentanmér. The cation radical/c*t

17) Pariser, R.; Parr, R. G. Chem. Phys1953 21, 466. Fabian, J.; i ;
Zahradnik, R Angew. Chem., Int. Ed. Engl989 28, 677. Lahti, P. M; proved to be sufficiently stable in GBN (the unr_ngthylated
Obrzut, J.: Karasz, F. EMacromoleculesl987 20, 2023. precursors oflla—IVa were not stable when oxidized), and

(18) Zhong, C. J.; Kwan, W. S.; Miller, L. LChem. Mater 1992 4, comparing its spectrum witvVa*™ again showed very small
14%39) Foster, ROrganic Charge Transfer Complexe&cademic Pre differences.

Ster, gani rg S X 1 SS:

London, 1969. Turro, N. Modern Melecular Photochemistrenjamin: These data demonstrate that the structurer-oimers and

Menlo Park, CA, 1978; p 136. the strength of theirr-bond are not much affected by the size
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of the terminating group. It seems that the size of the been reinforced by theofy. We note that oxidized poly-
dimethylphenylsilyl terminal group ifllc must prevent a  thiophenes absorb more and more strongly in the neaflfR
coaxially alignedr-dimer of linear cation radicals. Therefore, near 2500 nm as oxidation proceé#&32! There is no evidence
it may be that all these dimers have noncoaxially aligned of a shift to shorter wavelengths. Thus, if bipolarons are present,
molecular components. The data can be accommodated bythey must not be confined to the same number of rings as the
structures in which two linear cation radicals form a twisted polarons®?
dimer, the involvement of nonlinear cation radicals (for example,  The conductivity of conducting polymers depends on elec-
from an s-cis geometry between rings), or similar distortions. trons moving from chain to chain, and theoretical treatments
It may be true that such distortions have only a small effect on of interchain interactions have indicated that even weak bonding
the spectra, but we note a recent study on stacks of neutraldestablizes polarorfd. The data we provide suggest that chains
imides which describes the changes in intermolecular bonding may be bound together by specifiedimer or stack structures.
and spectra that accompany small variations in stack geoffetry. Such structures delocalize electrons between chains, and this
The structure and spectra of cation radigatlimers clearly corresponds to making the conducting structure two- or three-
deserve attention from a computational perspective. dimensional. In essence, to the extent thatimers or stacks
Turning briefly to dications, longer exposure to UV light or ~ exist in oxidized conducting polymers, 1-D polaraipolaron
oxidation with more FeGlin CH,Cl, allowed the formation of ~ theory is not adequate.
oligomer dications. These dications were stable for hours or
days in CHCI,. In particular the sexithiophene dicativfiha 2"
was stable for weeks. As reported for unmethoxylated The synthesis and characterization of the oligomers have been
analog$7abthese dications have one absorption band (Table rep.orted7d except for thos.e folllc. The electrochemical, molecular
3) with vibronic structure. As expected, these bands are shifted °rPital, almd spetctéoscopgqs methods and the equipment have been
; previously reported as welf.
Lnmethorylated dications and he bands are atlonger wavelength, 5.3 BIS(dmethyphenyisy), 3 dimethoxy-27:5 2" ter
. . hiophene (llic). At —78 °C n-butyllithium (0.36 mL, 0.90 mmol)
for longer oligomers. Importantly, dication bands are always ;<" added dropwise to a solution of ‘3@methoxy-2,25',2"-
at shorter wavelength than the long-wavelength near-IR band+erthiophene (136 mg, 0.44 mmol) in 20 mL of THF. The reaction
of the corresponding cation radical. The difference in these mixture was then stirred at o for 0.5 h and then recooled t678
transition energies is about 0.5 eV. °C, and dimethylphenylsilyl chloride was added (154 mg, 0.9 mmol).
Comparisons with Conducting Polymers. We start from The mixture was stirred f8B h at—78°C, warmed to room temperature,

models) at millimolar concentrations in solution and are with ether, and the combined organic extracts were washed with brine

therefore, likely to form in oxidized polymer solids where and dried with Na&SO,. Solvent was removed by rotary evaporation,

laron concentrations in highly oxidized samol Id b and the residue was purified by flash chromatography to yield 214 mg
polaron concentrations ghly o ed samplées cou €as (85%) of llic as yellow crystals: UV-Vis Amax 393 nm € 2.5 x 10%;

high as several molar. Indeed each polaron will find itself near |5 (KBr) 2934, 1561 cm?; 'H NMR (300 MHz, CDCN) 6 7.60 (m,

a polaron on an adjacent chain. Since longer oligomers 44) 7.38 (m, 6H), 7.16 (s, 2H), 7.10 (s, 2H), 3.92 (s, 6H), 0.58 (s,
a-dimerize more strongly than short ones, the oxidized polymer 12H); 3¢ NMR (300 MHz, CRCN) ¢ 155.9, 138.1, 135.1, 134.8,
is an especially good candidate for the formation of interchain 134.2, 130.6, 129.0, 125.6, 124.0, 121.3, 59:7.8; HRMS for
s-dimers and, at high oxidation levels;stacks’e-11 CaoH330,S:Sk (M + HT), caled 571.0171, found 571.1112.

This is not an appropriate forum to discuss in detail the spectra
of oxidized polythiophene in comparison with oxidized oligomer
aggregates, but we iterdtihat interchainr-dimers and stacks
formed from polaron aggregation will give visiear-IR and
ESR results which are consistent with the observations madeJA9533104
for oxidized polymers. It is also important to iterate that the ™ (51)'see for example: Skotheim, A. T., Bdandbook of Conducting
spectra of cation radicals and dications formed on the samePolymers Marcel Dekker: New York, 1986. For recent references see for
oligomer demonstrate that bipolarons localized over the sameéxample: Onada, M.; Nakayama, H.; Morita, S.; YoshinoSgnth. Met.
number of rings as polarons should absorb at shorter wave-,%/lge%:ilgsggsgéfg?‘ Z;"’lan”’ M. J.; Brooke, G.; Bloor, D.; Maher Synth.

length®7ab This conclusion from oligomer experiments has (22) See for example: Conwell, E. M.; Mizes, H. 8ynth. Met1993
55—-57, 4284. Zakhidov, A. A.; Tanaka, K.; Ito, A.; Okada, M.; Yamabe,
(20) Kazmaier, P. M.; Hoffman, R.. Am. Chem. S0d994 116, 9684. T. Synth. Met1994 66, 235.
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