JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 24 22 JUNE 1999

Infrared spectroelectrochemical investigations on the doping
of soluble poly (isothianaphthene methine ) (PIM)

H. Neugebauer, C. Kvarnstrom,® C. Brabec, and N. S. Sariciftci
Physical Chemistry, Johannes Kepler University of Linz, Altenbergerstrale 69, A-4040 Linz, Austria

R. Kiebooms
Instituut voor Materiaal Onderzoek, Materiaalfysica, Limburgs Universitair Centrum, Wetenschapspark 01,
B-3590 Diepenbeek, Belgium

F. Wudl
Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095

S. Luzzati
Instituto di Chimica delle Macromolecole, CNR, Via Bassini 15, 1-20133 Milano, Italy

(Received 8 January 1999; accepted 2 April 1999

Attenuated total reflection Fourier transform infrar@8TR-FTIR) investigations on the doping
processes in substituted p@kothianaphtene methingPIM), a new low band-gap conjugated
polymer, are reported. The doping was studiedsitu during chemicalp-doping (oxidation by

iodine and during electrochemigaldoping(oxidation andn-doping(reductior). During both signs

of doping, infrared active vibrationdlRAV) bands due to strong coupling of the electrons to lattice
vibrations are observed. The results are compared to FT-Raman spectra. Electrochedojuialg

shows two different doping regimes depending on the electrochemical potential. The narrow
linewidth and low absorption intensities of the IRAV bands indicate a strong localization of the
doping induced charge carriers, which is ascribed to a tilted geometry of the conjugated backbone
due to steric repulsion effects. @999 American Institute of Physid$§0021-96069)51924-7

I. INTRODUCTION side groups, interring torsion angles, and aromaticity, the
value of the energy gap can be varied by several electron
The genuine interest in conducting and semiconductingolts®1° This is an important feature for application pur-
conjugated polymers stems from the fact that they offer thgyoses, for example to adjust the color of light emitting di-
opportunity to combine the electrical properties of metalsodes. Another important direction of this band-gap engineer-
with the low cost, large scale processability of plastics in aing in conjugated polymeric semiconductors is to achieve
single material. Many applications are envisioned. Low tecHow band-gap materials. This direction is threefold impor-
applications such as intrinsically antistatic plastics, plasticsant:
for shielding the electromagnetic interferen@Ml), and
secondary battery electrodes are already in use or industrial
demonstrated. Recently large scale interest arose for the elec-
troluminescence of conjugated polymers which will enter the
market of light emitting diodes very sodn® Plastic solar
cells are another photonic application which might be of
great importance in the near future as cheap photovoltai
element$~81n all these photonic device applications there is .
an additional advantage of conjugated polymers as activ@
materials: the possibility of band-gap engineering. Due to
chemical modification of the conjugated polymer backbone,
as well as chemical functionalization of the backbone with
different sidechains, there is a practically infinite parameter A number of calculations indicate that in systems which
space which can be utilized to alter the electronic propertiepossess a degenerate ground stiite trans-polyacetylene
of these organic semiconductors. An important parameter ahe band-gap value increases as a function of bond length
design is thereby the value of the energy gap which separategternation (i.e., the difference between single and double
the completely filled valence bandr{band from the com-  pond lengths'! Bredaset al. investigated this problem for
pletely empty conduction bandr{ -band. It has been shown nondegenerate ground state conjugated polyrtiies poly-
that through chemical engineering on the basis of functionaihiophene, polypyrrole, polyparaphenylene, etia valence
effective Hamiltonian(VEH) calculations by varying their
permanent address: Abo Akademi University, Laboratory of Analytical 9€0metries from aromatic to quinoid-lik&** The evolution
Chenmistry, Abo, Finland. is such that the band-gap decreases linearly when quinoid

ﬂi/) First, the number of intrinsic charge carriers which are
thermally excited from the valence band to the con-
duction band scales exponentially with the band gap.

The lower the band gap, the higher the undoped room

temperature conductivity.

Qi) Second, the infrared regime for light emission is very
attractive for telecommunication bands.

i) Low band-gap materials are needed for maximum
photon harvesting in the solar cell applications as well
as for competition with silicon Eg,,=1.15 €V} in
photodetector applications.
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FIG. 1. Schematic structure of pgigothianaphthene methinéPIM). IRAV absorption bands arising upon electrochemjzabnd
n-doping of PIM films. The spectra are compared with IRAV
spectra obtained by iodine doping and with FT-Raman spec-

character is increasing. After a sharp minimum the band gafra. Electrochemical doping shows clearly two different
increases again upon further increase of the quinoid charag-doping mechanisms and one mechanism-dbping. The
ter. These calculations confirmed the results obtained byesults are explained by a strong localization of charge car-
Wudl etal. in the preparation of polyisothianaphthene riers due to steric effects.
(PITN).2 PITN can be thought of as a thiophene unit with a
benzene ring fused at 3,4 positions, and indeed shows a baﬂd
gap of around 1.0 eV compared to unsubstituted poly-"
thiophene with a band gap around 2.5 eV. The disadvantage The synthesis of PIM has been described in the
of PITN lies in the very high reactivity of the monomer as literature?! Thin films of PIM were prepared by drop casting
well as instability of the polymer towards ambient condi- from tetrachloroethene solution on the surface of the elec-
tions. Up until now, PITN remained as a material of aca-trode and dried in vacuum. For the situ spectroelectro-
demic interest, therefore new low band-gap materials witlchemical investigations, the electrode consisted of a germa-
ambient stability as well as processability are still of greatnium reflection element (20101 mm) with an
importance™® electrochemically active area of 0.63 €niThe electrolyte
Another direction to obtain low band-gap materials is thewas 0.1 M tetrabutylammoniumperchlorafEBACIO,) in
realization of alternating aromatic and quinoid thiopheneacetonitrile freshly distilled over CaHand purged with ar-
units along the chain. Pdlgeteroarylene methingesvere  gon to exclude oxygen during the electrochemical reactions.
presented by Jenektet al'®~!8 The band gap of a model For counter and reference electrode, a platinum sheet and a
compound, 5,5bithiophenemethenyl, was calculated to be Ag/AgCI electrode were used, respectively. All potential val-
1.21 eV In a combination of both approachdfused ues in this paper refer to the Ag/AgCl reference electrode.
thiophene units in an alternating aromatic and quinoid strucThe electrochemical equipment consisted of a potentiostat
ture), the band gap of polpiisothianaphthene methineas  (Jaissle IMP 88 P{; a sweep generatdProdis 1/14) and an
calculated as 0.7 e®. XY recorder (Philips PM8132. All experiments were done
Key properties for application of conjugated poly- at room temperature. The spectroelectrochemical experi-
mers are processibility and stability of the substancesments were performed with a potential sweep rate of 5 mV/s.
Solubility and fusibility can be achieved by side chain For comparison, cyclic voltammetric experiments were also
substitution. Recently, a soluble derivative of poly- done using a platinum electrode with a drop casted PIM film
(isothianaphthene methipe poly{ (benzdc)thiophene-1,3- as working electrode. Higher sweep rates up to 100 mV/s
diyl)(p-(hexyloxy)benylideng&benzo (c)thiophenequinodi- were applied in these experiments.
methane-1,3-diyl) (PIM) was synthesizet! The substance For ATR-FTIR spectroscopy, a Bruker IFS66S spec-
can be dissolved in organic solvents like tetrachloroethan&rometer with an MCT detector was used. The spectra were
and shows good stability under ambient conditions. Themeasured with a spectral resolution of 4 cmThe setup for
schematic structure of the undoped form of PIM is shown inATR-FTIR spectroelectrochemistry is shown in Fig. 2. Spec-
Fig. 1. As one of the very few examples within the conju-tral changes were recorded consecutively during slow poten-
gated conducting polymer family, PIM is botp- and tial sweeps. To obtain specific spectral changes during indi-
n-dopable, which makes the material an attractive candidateidual electrochemical reaction processes, a spectrum just
for applications where both types of doping are nee@egl., before the considered reaction is chosen as the reference
all polymer secondary batterie< spectrum. The subsequent spectra are related to that spec-
In this work we show that PIM is a stable, low bandgaptrum, showing only the spectral differences to the reference
conducting polymer that can reversibly be doped of jpth  state. The difference absorption spectra are calculated as
and n-type electrochemically in organic electrolyte. Tlmee  A(—log(Tatr)) (Tatr=transmission in ATR geometry
situ attenuated total reflectiofATR) Fourier transform in- Each spectrum covers a range of about 85 mV in the cyclic
frared (FTIR) spectroscop? 2° has been used to study the voltammogram. For iodine doping, thin fims of PIM were
spectroelectrochemical behavior and the doping inducegrepared by drop casting from tetrachloroethane solution on

EXPERIMENT
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FIG. 3.' Neutral form of PIM obtaineth situ at —300 mV (reference: cell  FIG. 4. Cyclic voltammogram of the-doping process. Pt electrode, 100

filled with electrolyte. mV/s. Dashed line: first cycle; solid line: second cycle. Inset: current/
voltage curve during the spectroelectrochemical experiment; Ge electrode, 5
mVi/s.

the surface of a ZnSe reflection element and dried in

vacuum. The sample was mounted in an ATR cell similar toBruker FRA106+-1FS66 spectrometer with 1064 nm excita-
the spectroelectrochemical cell shown in Fig.(\Rithout tion wavelength.

electrodes and electrolyteThe doping was performed by Structure calculations were done by nonlinear conjugate
placing iodine into the cell. Before and after the procesggradient minimization of an input structure using the soft-
ATR-FTIR spectra were recorded. To obtain UV-VIS spec-ware packagaINKER?® with parameter set MM3’

tra, thin films of PIM were dropcasted on the surface of a

quartz substrate and measured with a Hewlett Packard 8458. RESULTS AND DISCUSSION

spectrometer. FT-Raman spectra were obtained using R Neutral PIM

Compared to other substituted polythiophene deriva-
tives, PIM in the neutral state gets oxidized at rather low
potentials?® Thus, the measurement of a clean infrared ab-
sorption spectrum under ambient conditions is hindered by

TABLE I. IR absorption bands of PIM, neutral form. Intensities: vs: very
strong, s: strong, m: medium, w: weak, vw: very weak.

Frequency{cm™*] Intensity Comment spontaneous oxidation with atmospheric oxygen. To exclude
3062 w a these effects, the spectrum of the neutral form of PIM
3030 vw a was measuredh situ in the spectroelectrochemical cell in
2956 m shouldér contact with the electrolyte solution under applied potential

a . . .
2933 m of —300 mV (Fig. 3. The spectrum in Fig. 3 has as refer-
2871 w doublét . . . . .
2858 w doublét ence the identical cell filled with electrolyte, but with no
1678 m polymer film. In Table I, frequencies and intensities of the
1603 S doublet
1589 s doublet
1566 VW shoulder 12
1508 s ﬁ
1466 S doublet 1
1454 s doublet /A
1392 vw 08 ) \ /7 ..
: N
1296 m doublet =
1282 m doublet £ o6 B\~ f M I \ RN
= 7 \Y r A

1248 Vs - 7 @W\f /j\/ % N
1223 w shoulder 2 O AV /\ N\ j\ A\ {\ WA iy \
1176 s g 04 AN VNS W N

AN A A
1124 w Wl //&//:\CJ\/\QEV"“X A
1024 w 0.2 N e\ i
984 w D o NG S S
931 w ol B e e
874 s ©
850 s 1800 1600 1400 1200 1000 800 600
737 S wavenumbers [cm'1]
658 VW
621 W FIG. 5. Difference spectra during-doping. Reference spectrum at300

mV (neutral form), Ge electrode, 5 mV/s. The spectra are separated. Se-
aNot shown in Fig. 3. quence: bottom to top.
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TABLE II. IRAV bands during lowp-doping. Intensities: vs: very strong, s:
strong, m: medium, w: weak. 04
- 0.35
Frequencycm 1] Intensity Comment
03
1415 S . A
1371 w shoulder E 0%
1278 m shoulder at high potential s [\ ﬂ A
1259 m shoulder at low potential g 2 "] 7
P z O \\ AL A )\/ ,\/\’/\q A
1165 Vs Z 0.15 \/ \l W W N
1095 s clo; o V‘//W \ i J 14 N M
1055 w shoulder ' «,-/\V/\J { j \I\/\/W \_,,J\
985 s 0.05 Y \J / -y J\v ALY A Y gy
o L WARAR] NATMIN
A / v W/
1800 1600 1400 1200 1000 800 600
infrared absorption bands of the neutral form of Rlfig. 3 wavenumbers [om']
are listed. FIG. 6. Difference spectra during high-doping. Reference spectrum at
+500 mV (spectrum 9 in Fig. b The spectra are separated. Sequence:
B. p-doping bottom to top.

Similar to many other conjugated polymers, the first
cycle in cyclic voltammetric experiments with PIM shows a (spectra 10 to 14+600 to +900 m\V) as listed in Tables Il
different behavior compared to the subsequent cycles due tnd Iil. After spectrum 9+500 mV, highp-doping regime
differences in conformational reorganization of the polymerthe spectral behavior changes significantly. To obtain only
chain during the redox processes, which are histonthe spectral changes during higkdoping, Fig. 6 shows the
dependent®=*° From the second cycle on, the cyclic volta- difference spectra 10 to 14 of Fig. 5, but now relative to the
mmograms are stable. In the present paper, the spectroelegpectrum 9 as reference. The bands are listed in Table Il
trochemical data are from the second cycle. For comparisonp-doping was also performed chemi-

The cyclic voltammogram of th@-doping (oxidation  cally using iodine as oxidation agent and studied spectro-
and dedopingdrereduction processes is shown in Fig. 4. In scopically. After measuring the spectrum of the neutral form
the second cycle, the maximum of thedoping current oc-  of PIM on the surface of a ZnSe reflection element, the film
curs at+750 mV, the dedoping current maximum is found atwas exposed to iodine vapor. The ATR-FTIR spectra of PIM
+250 mV. Figure 5 shows difference spectra during the elechoth in the neutral form and doped with iodine are shown in
trochemicalp-doping process of PIM on a Ge reflection el- Fig. 7. The bands of iodine doped PIM are listed in Table IV.
ement as electrode with a sweep rate of 5 migescond The spectrum of the neutral form shows an increasing back-
cycle). Under this slow scan speed the doping current maxiground absorption>2000 cm (not shown in Fig. ¥ and
mum occurs around-570 mV (inset in Fig. 4. The refer-  small spectral featuregnarked with arrows in Fig. 7indi-
ence spectrum was taken-aB00 mV (neutral form of PIM.  cating, that the material is already slightly oxidized due to

Doping induced IRAV bands show distinctly different contact with atmospheric oxygen.
dynamics at the “low doping” regime(spectra 1 to 9, The vibrational spectra of conjugated conducting poly-
—300 to+500 mV) compared to the “high doping” regime mers exhibit strong IRAV bands upon doping, which are

correlated to a strong electron—phonon coupling peculiar to

TABLE lIl. IRAV bands during highp-doping. Intensities: vs: very strong,

s: strong, m: medium, w: weak. 12

Frequencycm 1] Intensity Comment

1697 1 n

s o
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wavenumbers [cm'1]
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623

clo;

FIG. 7. ATR-FTIR spectra of PIM. Reference spectrum: ZnSe reflection
element without polymer. Lower spectrum: neutral form; upper spectrum:
iodine doped form. The spectra are separated.
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TABLE IV. IRAV bands of iodine doped PIM. Intensities: vs: very strong, 5
s: strong, m: medium, w: weak, vw: very weak. A
45
Frequencycm 1] Intensity Comment I\
4
3060 w a I \
2954 w shouldér T 35 \
2924 m a 2
2887 vw shouldér c 3
" : 2 MWL)
1699 w doublet e 25 W \N’
1684 w doublet \ \ ,
1599 s 2 AW
1558 w shoulder 15 An .
1529 s : hdad "\r\~
1502 S 1
1466 m shoulder 1800 1600 1400 1200 1000 800 600 400
1435 W shoulder wavenumbers [cm™']
1421 vw shoulder
1396 s FIG. 8. FT-Raman spectrum of PIM, neutral form. Excitation wavelength
1308 w shoulder 1064 nm.
1273 s
1232 w shoulder
1175 vs become infrared active due to symmetry breaking and are
1070 vw strongly enhanced, because the charge distribution in the
18‘112 m shoulder formed polaronic or bipolaronic state causes high dipole mo-
085 m ment changes during vibration. In general, in the frequency
933 w range between 1600 and 800 chnfour Ay modes exist in
825 w polythiophene, which, in unsubstituted polythiophenes, give
232 m rise to a pattern of three strong bands in the photoinduced
5 w

absorption spectrufi and in the doping induced absorption
aNot shown in Fig. 7. spectrurfi® as well as to three main Raman bafitisor alkyl
substituted thiophenes, an additional Raman band around
. _ _ . _ 1000 cm'* occurs®?
quaS|one—d|mer13|onaI solids. A first attempt to gxplam Raman spectra are highly important for the understand-
these observations Qsas been presented by Hor@wak for  jng of vibrational properties and the behavior of IRAV bands
tranqulyaceWIen%z.' The basic concept of the_ Horovitz jn conjugated systems with electron—phonon coupling. The
theory is to consider the charge density wave which exists iftT_Raman spectrum of the neutral form of PIM, which con-
the dimerized form of transpolyacetylene with the fact thatsists of alternating aromatic and quinoid isothianaphthene
m-electrons are coupled to the motion of the polymer backyits, is shown in Fig. 8. The main bands are listed in Table
bong. The “pinning parameter” is a measure of Iocall_zatlon.v_ The number of Raman bands is much smaller than the
Zerbi et al. showed the correlation of the bands with the nymper of vibrational features detected in the IR absorption
infrared activation of totally symmetric modes which containNgpectrum of neutral PIMsee Fig. 3. This observation indi-
a contribution by the “effective conjugation coordinate” cates a selective enhancement of the totally symmetgic
which basically describes the changes of geometry from thgyodes strongly coupled to the-electron structure, charac-
ground state to the excited electronic state of the polymefgrized by few intense Raman bands. A comparison with
(ECC theory. The smaller the value of the “effective con- |iterature on  Raman spectra of model compounds
19935“0” force constant” the Izlirger the “effective conjuga- (jsothianaphthenes selectively substituted to force either the
tion” of the polymer backbon@! Very recently Ehrenfreund aromatic or the quinoid structufé suggests that the FT-

and Vardeny established a link between the doping induceftaman pattern mainly corresponds to the aromatic units in
electronic states within the semiconducting- 7* energy

gap and the IRAV bands of the doping induced infrared

spectrum’ based on a linear response theory by Setosl3®  TABLE V. FT-Raman bands of neutral PIM. Intensities: vs: very strong, s:
Furthermore, there are theoretical descriptions unifying thes&ong- m: medium, w: weak, vw: very weak.

models® In all t_he des_cripti_ons, there is a strong link be- Frequencylcm™ 1] Intensity

tween the effective conjugation of the macromolecule, effec

tive delocalization of the doping inducédr photoinducey 122; yw

guasiparticle excitations such as polarons, solitons, etc., and 1462 vs

the signatures of the IRAV bands in the doping induced in- 1304 s

frared spectrum. In the framework of the model presented by 1198 m

Zerbi et al,®*"%8 the IRAV bands correspond to totally 1165 m

symmetric Raman active vibrationa}, modes, which couple ig; fn doublet
to the m-electron systentelectron—phonon couplingalong 246 s doublet

the effective conjugation coordinat&CC). The vibrations
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frequency shifts of the two higher energetic bands, the spec-
tral pattern of the IRAV bands in the low-doping regime
corresponds to the FT-Raman spectrum, indicating that

isothianaphthene units and to vibration of the aromatic ringnostly aromatic units are involved in the Igevdoping pro-
in the side chain. The low intensities indicate a weakC€ss.

electron—phonon coupling for these modes.

For spectroelectrochemistry in the Iqgwdoping regime,
the IRAV spectra are dominated by the evolution of four
strong IRAV bands around 1400, 1260—-1280, 1165 and 98
cm L. An additional strong band around 1095 thcomes

In contrast, in the higip-doping regime the IRAV bands
in the region between 1500 and 1600 ¢mcan be attributed
to C=C vibrations at either sides of the quinoid urfitsThe
gesults show that mainly quinoid rings are involved in the
high p-doping regime. The IRAV spectrum of PIM doped

from perchlorate counterions, which are incorporated intawith iodine looks very similar to the spectroelectrochemical
the polymer film and balance the positive charges on theesults obtained in the higb-doping regime, indicating the

chain formed duringp-doping. Although the force field cal-
culated for polythiopherfé may not be directly applicable to

redox potential of iodine to be high enough to convert PIM
into the highly doped state. The main difference in the spec-

substituted polythiophenes, the pattern of three main bandsa of chemical doping to electrochemical doping is the miss-

(around 1400, 1280-1260, and 1160 chis also observed
in the low p-doping regime. The band at 985 chis attrib-

ing absorption band at 1095 ¢rh of perchlorate counteri-
ons.

uted to the substitution of the thiophene rings. Besides some The IRAV bands show low intensities compared to

# -
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FIG. 10. Cyclic voltammogram of the-doping process. Pt electrode, 100
mV/s. Dashed line: first cycle; solid line: second cycle. Inset: current/
voltage curve during the spectroelectrochemical experiment. Ge electrode,
mV/s.

IRAV bands of other thiophene containing conjugated poly-
mers. In Fig. 7, the bands of tipedoped form are only about
2-3 times higher than the bands of the neutral form. Usually,
the factor is about 20—30 found in common thiophene con-
taining conjugated systems. In addition, the band widths are
remarkably narrow. The band width at half maximum is
around 20-30 cm® compared to>50 cm ! with other
conjugated polymers. The low intensities and the narrow
band shapes indicate that the delocalization of the positive
charges on the chain is rather I4fv.

In Fig. 9, the electronic absorptions in the Igadoped,
high p-doped, and iodine doped state are compared. A UV-
VIS spectrum of iodine doped P shows a maximum
around 1000 nng10 000 cm 1) with a long absorption tail at
the low energy side, as observed in our spectfBig. 9a)].

A similar behavior, but with decreased intensity, is found for
the electrochemically highly doped stafEig. 9c)]. The
electronic absorption of the low-doped materialFig. Ab)]
Ras an additional broad absorption around 2500 Gragain
indicating a different mechanism in the low doping regime.
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TABLE VI. IRAV bands duringn-doping. Intensities: vs: very strong, s:
strong, m: medium, w: weak.

Frequencycm 1] Intensity Comment

1437
1388
1277
1238
1190
1142
1115

974

shoulder

shoulder

3sgs3v0s

FIG. 13. Energy minimized structure of a PIM segment. The solid line
indicates the conjugation path.

C. n-doping reactions are allowed. From cyclic voltammetric experiments
with nonzero sweep rate only estimations can be drawn. Al-

The cyclic voltammogram of the-doping (reduction 6,5 the determination of the electronic gap from our ex-
and dedoping(reoxidation processes of PIM is shown in neriments is difficult due to possible side reactions of the

Fig. 10, and the corresponding difference ATR-FTIR spectrgyjecirolyte solution, the gap is well below 1.5 eV, coinciding
in Fig. 11. The IRAV bands arising during electrochemical\yit, the optical data obtained from the UV-VIS spectrum of
n-doping are listed in Table V1. In contrast to the behavior at; autral PIM film shown in Fig. 12, where the maximum of

p-doping, the IRAV bands during electrochemicatioping  the ahsorption band is found at 2 eV with an onset around
(reduction show continuous behavior with much smaller in- 15 eV.

tensities indicating an overall much lower doping level. The
spectra obtained during- and low p-doping (i.e., the spec-
tral signatures of the charge carriers of both sjge quite
similar. Following the arguments presented in the discussion ~The results presented in this paper indicate a strong lo-
of p-doping above, the pattern of the four main IRAV bandscalization of the charges in the doped states of PIM corre-

are attributed mainly to the aromatic units in the PIM chain.lated with the low intensities and narrow linewidths of the

IRAV bands. Steric repulsion of consecutive units causes

strong noncoplanarity, which in turn decreases the effective

conjugation and induces charge carrier localization. Structure
By comparing the potential values of the electrochemicakalculations by nonlinear conjugate gradient minimizafion

p-doping andn-doping processe@lectrochemical gapthe  are shown in Fig. 13. As can be seen, coplanarity of the

calculation of the energy difference between the valencgonjugated system can hardly be achieved due to the geomet-

band and the conduction barelectronic gapin the band ric repulsion of the fused heteroaromatic rings and of the

structure of the polymer should be possible. In a simple rigidarge side chains.

band picture, no charge exchange between the electrode and

the polymer will happen, until the applied voltages reachesy. coNCLUSION

either the valence banh that casep-doping will appearor ) ) )

the conduction bandcausingn-doping. For precise mea- PIM is a low band-gap material which can pedoped

surements, the sweep rate of the potential should be infinitel{PXidizeéd in two different doping processes as well as

low (Electrochemical Potential Spectroscpfiyand no side '-doped(reduced in one process. The electrochemical en-
ergy gap is found to be less than 1.5 eV. However, the steric

repulsion of the consequent polymer chain units results in a

E. Structure calculations

D. Estimation of the electronic gap

05 5 nonplanar configuration, thus a low conjugation and a strong
0.45 localization of the charge carriers, as clearly seen by the low
/(\\ / intensities of the IRAV bands which are unusually narrow.
04 /I \ / Therefore as such, PIM is a candidate for optical applications
. 0.35 for low bandgap materials but with an expected low charge
2 oa / \ / carrier mobility.
- / \ /
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