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Poly(dithienothiophene)s (PDTTs), low band-gap conjugated polymers with polythiophene-like chain where
an aromatic thienothiophene moiety is fused to each thiophene ring, were studied using Raman spectroscopy,
photoinduced infrared absorption, as well as attenuated total reflection Fourier transform infrared (ATR-
FTIR) and electron spin resonance (ESR) spectroelectrochemistry. The spectroelectrochemical studies were
performed in situ during p- and n-doping (electrochemical oxidation and reduction, respectively). Raman
lines of the pristine polymers are compared to infrared active vibration (IRAV) bands due to the charge
carriers injected by the electrochemical doping processes or by illumination. The differentπ-electron distribution
along the polythiophene-like chain, which determines the different band-gap sizes, also account for the different
lattice relaxations and vibrational behaviors shown by these polymers. By means of in situ ESR spectroscopy,
the formation of paramagnetic positive and negative charge carriers with unusually high g-factors could be
proved.

Introduction

Due to a strong lattice relaxation in one-dimensional systems
with strong electron-phonon coupling,1,2 chemical as well as
electrochemical oxidation and reduction of nondegenerate
ground-state conjugated polymers usually lead to the formation
of charge carriers with spin 1/2, denoted as positive/negative
polarons (radical-cations/-anions), delocalized along the polymer
chain and which exhibit peculiar electronic, vibrational, and
charge transport properties.1,3 Also, photoexcitations may lead
to charge separation and to the formation of such charge
carriers.1,4,5The lattice relaxation induces new electronic levels
within the polymerπ-π* energy gap (band-gap) and usually
lead to an insulator-to-metal transition at a critical doping level.
The redox processes involving the formation of charge carriers
in conjugated polymers are described, in analogy to inorganic
semiconductors, as p-, n-, and photodoping.

Due to the strong electron-phonon coupling in conjugated
polymers, Raman spectroscopy and infrared absorption are
powerful techniques for the investigation of the doping induced
lattice relaxation around the charge carriers. Consequently, the
vibrational behavior of relatively simple conjugated polymers
in their pristine and doped states (mostly of the p-type) has been
the subject of much theoretical and experimental work during
the last two decades.6-14 On the other hand, detailed studies of

more complicated orn-dopedconjugated polymers have been
limited by theoretical difficulties and by their frequent instability,
respectively.

The infrared spectra of conjugated polymers in their conduc-
tive (chemically- or photodoped) states are characterized by
intense IRAV bands, typically ranging from 1600 to 700 cm-1.6

These bands originate from the strong electron-phonon cou-
pling mentioned above and thus provide not only structural but
also electronic information. In addition, IRAVs are usually
accompanied by broad IR absorption bands at higher energy.
These bands correspond to the transitions involving the in-the-
gap electronic levels.

Several theoretical models have been developed in order to
explain the spectroscopic signatures of charge carriers. For the
description of the electronic and vibrational properties of neutral
and dopedtrans-polyacetylene, Horovitz et al. and Ehrenfreund
et al. have considered the change in the charge density wave
associated to the vibrational motion of the polymer backbone.8,9

As quantification of the localization of charge a “pinning
parameter” was introduced. Zerbi et al. explained the IRAV
bands by the IR activation of the Raman activeAg modes in
the pristine form of the polymer due to the local breaking of
the symmetry around the charge carrier.6,10,11In this model, the
high intensity of the IRAV bands is motivated by the large
variation of the electric dipole momentum associated to the
oscillation of the charged defect. An “effectiVe conjugation
coordinate” (ECC) describes the changes in geometry going
from the ground- to the excited-state of the polymer as an
alternate stretching-shrinking of carbon-carbon bonds. The
higher the contribution of a given mode to the ECC, the higher
is the intensity of the corresponding IRAV band. This origin of
the IRAV bands shows that both Raman spectroscopy and IR
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spectroscopy as complementary techniques are necessary for
understanding the vibrational spectra of pristine and doped
conjugated polymers. Recently, Ehrenfreund and Vardeny used
a model introduced by Girlando et al. (GPS model)12 to establish
a link between the electronic absorption bands and the IRAV
bands of doping induced spectra.13 All of the models correlate
intensity, width, and position of the IRAV bands to the
delocalization of charge carriers along the polymer chain.

These theories, developed for relatively simple systems such
astrans-polyacetylene and extended to few polyheteroaromates,
do not account for possible differences in the IRAV signatures
of positive and negative charge carriers. In addition, because
the “pinning” in absence of counterions should be lower,
photoinduced IRAV bands should appear at lower wavenumbers
than chemically induced bands.15 Experimental work has
confirmed that these models rationalize the spectroscopic
behavior of conjugated polymers, providing a self-consistent
description of the vibrational properties of many and relatively
simple systems like, for instance, poly(alkylthiophene)s.6,14

However, some conjugated polymers show a more complex
behavior. These materials are often promising candidates for
applications because they may combine low band gap, outstand-
ing optical properties and high stability in either the p- and
n-doped states. A detailed description of the electronic and
vibrational properties of such materials is necessary for the basic
understanding of their behavior. In particular, spectroscopic
studies of conjugated polymers with stable n-doped state might
be useful to achieve better experimental and theoretical descrip-
tions of the so far rarely observed negative charge carriers in
conjugated polymers.

The low band gap and both the p- and n-dopability of the
polydithienothiophenes (PDTTs) poly(dithieno[3,4-b:3′,4′-d]-
thiophene) (PDTT1), poly-(dithieno[3,4-b:3′,2′-d]thio-
phene) (PDTT2), and poly-(dithieno[3,4-b:2′,3′-d]thiophene)
(PDTT3)16-19 make them attractive for comparative spectro-
scopic studies of doping induced defects. The polymer structures
are shown in Figure 1 along with their band-gap values.16

According to Bolognesi and co-workers20 and ref 21, PDTT1,
PDTT2, and PDTT3 can be regarded as polythiophene-like
chains in which a thienothiophene aromatic moiety,22,23 evi-
denced by bold bonds in Figure 1, is fused to each thiophene
ring. PDTTs have been prepared following the idea that an
aromatic system fused to the thiophene ring lying in the
polythiophene-like chain increases the quinoidal character of
the latter and, therefore, theπ-electron inter-ring delocalization
along the whole polymer (see inset in Figure 1, where PDTT3

is sketched as example).24-26 Indeed, according to this synthetic
principle, PDTT1, PDTT2, and PDTT3 show low band-gap
values. The higher the aromaticity of the fused thienothiophene
moiety, which increases in the sequence PDTT1, PDTT2,
PDTT3,23 the lower is the polymer band-gap size. Due to the
electron-phonon coupling in conjugated polymers, different
moieties fused to the same polythiophene-like chain are expected
to influence also the vibrational behavior of PDTT1, PDTT2,
and PDTT3. By means of Raman spectroscopy, in situ attenu-
ated total reflection (ATR) FTIR spectroelectrochemistry and
photoinduced FTIR absorption spectroscopy, we have indeed
observed that these members of the same polymer family exhibit
a variety of spectroscopic behaviors. In particular, PDTT1 and
PDTT2 in their p- and n-doped states show two dissimilar IRAV
patterns. Conversely, no substantial differences are found
between the spectra of p- and n-doped PDTT3. In all cases, the
photoinduced IR absorption spectra resemble those of the
p-doped polymer and do not show softening of modes, indicating
that a kind of pinning occurs even in absence of electrolyte
counterions.

Electron spin resonance (ESR) combined with electrochem-
istry has been applied successfully in the elucidation of the
doping mechanisms of several conjugated polymers and can
directly proof the formation of paramagnetic charge carriers such
as polarons.27-30 In situ ESR spectroelectrochemistry measure-
ments performed during p- and n-doping of PDTT1, PDTT2
and PDTT3 reveal that the charge carriers of polaronic nature
exhibit unusually high g-factors. In addition, negative polarons
have systematically higherg-factors as compared to their
positive counterparts.

Experimental Section

The monomers DTT1, DTT2, and DTT3 were synthesized
following methods reported in the literature.31,32For electropo-
lymerization, the monomers were dissolved, working in an argon
drybox and using shielded glassware, in anhydrous acetonitrile
containing tetrabutylammonium hexafluorophosphate (0.1 M)
as supporting electrolyte. The solution was then transferred via
syringe into the spectroelectrochemical cell sketched in Figure
2. A platinized Ge reflection element with an electrochemically
active area of 0.63 cm2 was the working electrode, whereas a
Pt foil and a Ag/AgCl wire electrode (-190 mV vs SCE) were
the counter and the quasi-reference electrode, respectively.
The electrochemical equipment consisted of a Jaissle 1002T-
NC potentiostat, a Prodis 1/14 I sweep generator and a
Rikadenki RY-PIA x-y recorder. Thin films of the polymers
were electrosynthesized potentiostatically according to Arbizzani
et al.16 After electrosynthesis, the spectroelectrochemical cell
was rinsed with a monomer-free electrolyte solution. Prior of
in-situ ATR-FTIR spectroelectrochemistry, the polymer films

Figure 1. Chemical structures, band-gap values (Eg) and maximun
absorption wavelengths (λmax) of PDTTs.Eg andλmax data from ref 16.
The inset show the relevant canonical forms: (a) aromatic; (b) quinoidal.

Figure 2. Spectroelectrochemical cell for in situ ATR-FTIR spectros-
copy.
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were electrochemically dedoped. The same procedure was
performed, followed by washing and drying steps, prior of the
photoinduced PIA-FTIR absorption and ESR measurements
done as described below. To prevent side reactions due to
oxygen and/or moisture, the experiments were done under argon.
During potential cycling at a sweep rate of 5 mV/s, infrared
spectra were recorded consecutively. Each spectrum results from
32 scans and covers a range of about 90 mV in the correspond-
ing cyclic voltammogramm. Spectral changes during doping
were obtained by selecting a spectrum, recorded just before the
investigated process, as reference and then relating the subse-
quent spectra to this chosen reference. Spectra were calculated
as∆[-logTATR], whereTATR is the transmittance in the ATR
geometry. Details and the setup for in-situ ATR-FTIR spectro-
electrochemistry have been described elsewhere.33-35

For PIA-IR spectroscopy the samples were mounted on the
coldfinger of a liquid nitrogen cooled cryostat with ZnSe
windows and illuminated in a 45° geometry. The excitation was
made by the 488 nm line of an Ar+ laser, with intensity of 30
mW/cm2. The PIA infrared spectrum was obtained by recording
10 single beam spectra under illumination followed by 10 single
beam spectra recorded in the dark. 300 repetitions of this
sequence were accumulated to achieve a satisfying signal-to-
noise ratio.

For Raman measurements the polymer films have been
electrodeposited on indium-thin oxyde coated glass (Balzer,
resistivity 20 ohms/0) electrodes and then again carefully
dedoped. The spectra were recorded with a Bruker IFS 66+FRA
106 FT spectrometer working with a Nd:YAG laser, when
excitation was made in the near-IR (NIR) and with a flat field
monochromator Jasco TRS 300 equipped with an EG&G
intensified diode array OMA 1420, using Ar+ and He-Ne laser
lines at 457, 488, 514, and 633 nm, when excitation was made
in the visible. Raman measurements were carried out at room
temperature and under argon. IR and Raman spectra were
recorded with resolution of 4 cm-1.

For in situ ESR experiments, a X-band spectrometer ESP300E
(Bruker) was used. All measurements were carried out at room
temperature with 100 kHz modulation and at microwave power
of 2 mW. The standard cavity ER 4104 OR (Bruker) resonant
in the TE102 mode was used. The spectroelectrochemical ESR
flat cell has been described in detail elsewhere.36 During
potential cycling at a rate of 10 mV/s, ESR spectra were
recorded consecutively. As standard, a capillary filled with
magnesium oxide containing Mn2+ was fixed outside of the
spectroelectrochemical cell.

Results and Discussion

Raman Spectroscopy.Resonant Raman scattering is an
useful tool to obtain some insight on how the different
thienothiophene moieties are affecting theπ-electron delocal-
ization of the polythiophene-like conjugated backbone. The
resonant Raman spectra obtained at various excitation wave-
lengths are displayed in Figure 3, 4 and 5. In the following
discussion,R, â, andγ refer to PDTT1, PDTT2, and PDTT3,
respectively. Upon tuning the excitation wavelength within the
polymerπfπ* absorption bands (for absorption spectra see ref
16), the selective excitation of chain segments with different
π-electron delocalization leads to a frequency dispersion and
to an intensity redistribution of the Raman modes. At lower
excitation wavelengths, i.e., in resonance with the shortest
conjugation lengths, PDTTs exhibit two intense Raman bands,
indexed 1 and 2 (Figure 3(a-d), Figure 4(a-c) and Figure 5

(a-d). See also Table 1). With the NIR excitation (λ ) 1064
nm) near the onset of the absorption band of PDTTs,16 and thus,
in resonance with the chain segments with the more extended
π-electron delocalization, the Raman spectra display a much
more complicated pattern. The PDTT1 Raman spectrum (Figure
3(d)) shows four relevant bands at 1466 (R1), 1422 (R2), 1287
(R3), 1237 cm-1 (R4); a broad and weaker feature is seen at
about 850 cm-1. The Raman spectrum of PDTT2 (Figure 4(c))
is rather similar to that of PDTT1. Although red-shifted, the
intense bands seen at 1431 (â1) and 1395 (â2) cm-1 compare
well with R1 and R2. Again, two bands are at 1287 (â3) and
1237 cm-1 (â4). The most striking difference is the presence of
several medium or weak bands below 1000 cm-1 (â5-â9, listed
in Table 2). For PDTT3, detailed data have been reported
recently.37 Its NIR excitation spectrum (Figure 5(d)) shows a
quite complicated pattern, in which five main bands are observed

Figure 3. Raman spectra of pristine PDTT1. Excitation at 457 (a),
488 (b), 633 (c), and 1064 nm (d).

Figure 4. Raman spectra of pristine PDTT2. Excitation at 457 (a),
514 (b), and 1064 nm (c).
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at 1475 (γ0), 1422 (γ1), 1344 (γ3), 1318 (γ4), and 639 (γ7) cm-1

along with several weaker features. A remarkable behavior
shows bandγ7, which is assigned to modes containing C-S
stretching character and located within the thienothiophene fused
moiety.37

These spectral features evidence that the Raman behavior of
PDTTs is significantly different from that of simpler poly-
thiophenes. In general, Raman spectra of the polythiophene
family show three main lines coupled to the electronic transition.
Two dominant lines are around 1500 and 1450 cm-1 (CdC
stretching region),38,39whereas a weaker feature is seen within

the range 1080-1050 cm-1 (C-C stretching+ C-H wagging
component).14,40 The modes that possess the largest ECC
character correspond to the bands near 1500 cm-1, which show
a weak dispersion with different chain lengths (as well with
different excitation wavelengths in polydispersed samples). This
behavior is the vibrational signature proving that in poly-
thiophenesπ-electrons are mostly confined within each thiophene
ring or within a very restricted domain of the chain.14,40 For
PDTTs, significant differences to the simpler polythiophene
Raman spectra are found:

-More complicated spectra are observed for PDTTs (more
Raman lines are seen going from PDTT1 to PDTT2 and
PDTT3);

Figure 5. Raman spectra of pristine PDTT3. Excitation at 457 (a),
514 (b), 633 (c), and 1064 nm (d).

TABLE 1: Band Assignment and Wavenumber of Raman
and IRAV Modes

PDTT1

νj(R1) νj(R2) νj(R3) νj(R4) νj(R5)

457 nm 1501 sh 1303 vw
488 nm 1495 1440 sh 1300 vw
633 nm 1479 1437 sh 1298 /
1064 nm 1466 1422 1287 1237 ∼850 w
p 1438 w 1361 1277 1205
n 1456 w 1385 1271 1207
PIA sh 1361 1278 1206

PDTT2

νj(â1) νj(â2) νj(â3) νj(â4) νj(â5) νj(â6) νj(â7) νj(â8) νj(â9)

457 nm 1502 1437 vw vw vw vvw
514 nm 1490 1419 1295 1184 vw vw 731 vw
1064 nm 1431 1395 1287 1237 1190 1086 866 743 658

PDTT3

νj(γ0) νj(γ1) νj(γ2) νj(γ3) νj(γ4) νj(γ5) νj(γ6) νj(γ7)

457 nm 1500 1473 1407 1355 646
514 nm 1495 1466 1402 1353 1331 646
633 nm 1485 1451 1402 1348 1325 /
1064 nm 1475 1422 1400 sh 1344 1318 1250 b 950-770 639
p (n) 1460 1401 1326 1287 1250- 950- 634

1371 1120 770
PIA 1469 1400 1330 1295 1250- 950-770 634

1372 1120

Wavelengths are the Raman excitation lines; p, p-doping; n,
n-doping; PIA, photodoping; w, weak; vw, very weak; sh, shoulder

TABLE 2: IR Bands of Doped PDTTsa

PDTT1 p PDTT1 n PDTT1 PIA

1687 vw
1518 w 1525
1438 vw 1456
1361 vs 1385 vs 1361
1309 vw 1315 w
1277 vs 1271 vs 1278
1205 vs 1207 m 1206
1157 w 1153 w 1151
1122 1111 w

1078
929 w

899 w
845 vs el

760 vw 756
669 w
644 w 630

PDTT2 p PDTT2 n PDTT2 PIA

1456 w 1450 w
1392 1402
1356 m 1349 ms 1363
1307 1317
1279 1276

1249 vs
1217 vs 1225
1178 m

1147 vs
1082 s 1068 s 1082
922 mv
837 vs el
733 s sh 723 w
690 mw
659 w 651 m 657

PDTT3 p PDDT3 n PDDT3 PIA

1460 w 1469 w 1469
1445 vw
1401 m 1403 m 1400
1371m 1369 m 1372
1326 1329 m 1330
1287 m 1281 s 1295
1214 s 1221 vs 1226
1180 s 1176 s 1180
1139 s 1150 1140

1110 s
1020 1080 m
940 w 941

891 m 862
842 vs el
778 w 764 m 777
721 w 700 w
684 w 660 w
634 s 630 s 634

a Numbers are wavenumbers, vs, very strong; s, strong; m, medium;
w, weak; vw, very weak; el, electrolyte; p, p-doping; n, n-doping; PIA,
photodoping
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-Most of the PDTTs Raman bands show both intensity
redistribution and frequency dispersion with the excitation
wavelength. The intense bands indexed 1 and 2 (see Figure 3(a-
d), Figure 4(a-c), Figure 5(a-d) and Table 1) are identified as
the modes with the largest ECC contribution which, as opposed
to simple polythiophenes, exhibit a more relevant dispersion.
Moreover, lines indexed 1 and 2 appear at significantly lower
wavenumbers than the two lines near 1500 cm-1 in the simple
polythiophenes’ spectra;

-In PDTTs, no relevant Raman lines are observed around
1100 cm-1;

-In the region around 1300 cm-1, no dominant lines are
observed for polythiophenes, whereas two intense lines are seen
for the PDTTs (band index 3 and 4).

Most of the above differences can be explained considering
the enhanced weight of the quinoidal canonical form in the
definition of the PDTTs electronic ground-state and hence the
increased inter-ring electronic delocalization:

-This effect is overcoming theπ-electron confinement found
in polythiophenes (as well it is reducing the band-gap).
Therefore, the modes containing the strongest ECC contribution
do exhibit the predicted frequency dispersion;

-Apart from the relative differences in the weight of the
canonical forms (crucial for the size of the band-gap), it is
known that in both polythiophenes and PDTTs the ground-state
is aromatic (the canonical structure a) in the inset of Figure 1
has the major weight in its definition).21 Therefore, the CdC
stretching vibration mostly contributing to the ECC mode must
be that between the nuclei CRsCâ of the thiophene ring lying
in the polythiophene-like chain. As such, the red-shift of lines
1 and 2 in PDTTs compared to the corresponding ECC modes
in polythiophenes is motivated by the decrease of the CRsCâ

force constant that must accompany the increased quinoidal
character of the chain. As further corroboration, these lines shift
to lower wavenumbers as the polymer band-gap decreases (νj-
(R)1 > νj(â1) > νj(γ1) andνj(R2) > νj(â2), νj(γ2));

-Conversely, the CRsCR′ (inter-ring bond) force constant
should increase with increasing quinoidal character of the chain
and, therefore, some bands should appear at higher wavenumber
in the PDTT spectra than in those of polythiophenes. For the
latter polymers, a medium band near 1200 cm-1 has been
assigned to CRsCR′ symmetric stretching.38,39 Thus, it is
noteworthy that PDTT spectra show intense lines, well above
1200 cm-1, that shift to higher wavenumbers as the band-gap
decreases (ν(R3) < ν(â3) < ν(γ3) andν(R4) < ν(â4), ν(γ4)).

In conclusion, the Raman spectra of PDTTs display the
spectral signatures of an increased quinoidal character of the
polythiophene-like chain compared to polythiophenes and of
the involvement of the thienothiophene moieties to the polymer
backboneπ-electron delocalization. These effects are increasing
from PDTT1 to PDTT2 to PDTT3.

In situ FTIR Spectroelectrochemistry. As mentioned in the
Introduction, PDTT1, PDTT2, and PDTT3 are among the few
conjugated polymers so far described that undergo both revers-
ible p- and n-doping. A general and preferential way of doping
is by electrochemistry, where the redox processes are determined
by the electrode potential.41,42 In this way, a defined and
reproducible doping can be obtained by the control of electro-
chemical parameters. By combining cyclic voltammetry and
ATR-FTIR spectroscopy, we have recorded, in situ, the IR
spectral changes during the doping processes of PDTT1, PDTT2,
and PDTT3.

The cyclic voltammograms (scan rate 5 mV/s) taken during
the in situ IR spectroelectrochemical experiments are shown in
Figure 6.

The IR spectral changes developing during p- and n-doping
of PDTT1 are depicted in Figure 7. With both p- and n-doping,
the spectra show a broad electronic absorption band, with
maximum around 3600 cm-1, and IRAV bands in the vibrational
range (the latter is represented in detail in Figure 8). The
frequencies and the characteristics of the IRAV bands are
reported, along with those observed upon doping of PDTT2 and
PDTT3, in Table 2 (Table 2 collects also frequencies from the
PIA-IR absorption spectra that will be discussed later). The sharp
peak at 842 cm-1, growing during the p-doping of all polymers,
is due to the incorporation of the hexafluorophosphate ions
balancing the charge formed on the polymer by the oxidation

Figure 6. Cyclic voltammogramms of PDTT1 (dash-dotted line),
PDTT2 (dotted line), and PDTT3 (solid line), recorded during the in
situ ATR-FTIR experiments. Scan rate 5 mV/s.

Figure 7. FTIR difference spectra during p- and n-doping of PDTT1.
Sequence: bottom to top.
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process. As can be seen, the following differences between p-
and n-doped PDTT1 spectra are observed:

-The p-doped polymer spectrum shows three dominant
IRAV bands, whereas only two intense IRAV bands emerge
upon n-doping (Figure 8);

-In the n-doped polymer spectrum, the intensity of all
features is about the 50% of that observed in the p-doped
polymer spectrum (Figure 7);

-The relative intensities of bands are different in the two
differently doped polymer forms. In particular, the intensity of
the in-the-gap electronic absorption band relative to those of
IRAV bands is drastically lower in the n-doped polymer
spectrum (Figure 7).

A quite similar behavior shows PDTT2, whose spectra during
p- and n-doping are depicted in Figure 9. Again, the spectral
patterns include a broad eletronic absorption band above 1500
cm-1 and IRAV bands in the vibrational range (detailed in
Figure 10). Although the spectra are not as dissimilar as in the
previous case, differences between the p- and n-doped polymer
spectra are observed:

-p-doped PDTT2 shows an ill-defined IRAV spectrum due
to the overlap of broad bands while the n-doped polymer
spectrum clearly shows four intense IRAV bands (Figure 10);

-Remarkable differences are also seen when considering the
features with medium and weak intensity below 800 cm-1

(Figure 10);
-Similar to PDTT1, the intensity of the n-doped PDTT2

bands is about 50% of those seen in the p-doped polymer
spectrum.

Such differences indicate a different delocalization for the
positive and negative charge carriers in PDTT1 and PDTT2, as
already reported for other p- and n-dopable polymers such as
poly(ethylene-2,3-dioxythiophene) (PEDOT)43-45 and poly-

(isothianaphthenemethine).46 Despite the feasibility of reversible
doping of both signs these polymers maintain a higher delo-
calization/mobility of positive charge carriers, as indicated by

Figure 8. FTIR difference spectra during p- and n-doping of PDDT1.
IRAV range. Sequence: bottom to top.

Figure 9. FTIR difference spectra during p- and n-doping of PDTT2.
Sequence: bottom to top.

Figure 10. FTIR difference spectra during p- and n-doping of PDDT2.
IRAV range. Sequence: bottom to top.
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the higher intensity, the larger bandwidth and the lower
wavenumber observed for the IRAV bands of the p-doped
polymer forms as compared to the n-doped state.

For PDTT3, we have observed a different and peculiar
behavior.37,45Its p- and n-doped states show spectra (Figure 11
and Figure 12) in which almost no differences are observed,
thus indicating rather similar structures and delocalization
extension for charge carriers of both signs somehow suggesting
potential bipolar transport properties, favorable for certain
optoelectronic devices and photovoltaic applications.47-49

Despite the polythiophene-like nature of the chain and as
already observed by Raman spectroscopy, all of the p-doped
PDTTs IR spectra do not compare well to those of simpler
p-doped polythiophenes.6,50 Such a dissimilarity should not be
observed if modes located within the fused thienothiophene
moiety do not contribute significantly to the ECC. Within the
PDTTs series, the results confirm that theπ-electrons of the
fused thienothiophene moiety of PDTTs affect differently the
π-electron delocalization along the polythiophene-like chain,
thus determining the different electronic and vibrational proper-
ties of the polymers. In particular, the fact that the spectral
complexity increases from PDTT1 to PDDT2 and PDDT3, can
be explained by the increased interaction between theπ-elec-
trons within the fused moiety and the polythiophene-like chain,
according to the enhanced inter-ring delocalization as the band-
gap decreases.

Photoinduced IR Absorption. The spectral signatures of
charged carriers (electronic absorption and IRAV bands) are
also observed in the photoinduced IR absorption spectra, which
are presented in Figure 13 and in Figure 14 (band wavenumbers
are collated in Table 2). The formation of both positive and
negative charge carriers is expected by dissociation of exciton
after photoexcitation as well as by direct excitation.51 However,
it can be seen that the PIA-IR spectra are similar to those of

the corresponding p-doped polymer, especially concerning the
IRAV bands. Such a similarity is implicit only for PDTT3,
whose positive and negative charge carriers possess nearly
identical IR signatures. For PDTT1 and PDTT2, which show
different spectra in the p- and n-doped state, it must be inferred
that mostly positive polarons are delocalized and behave as
majority charge carriers in the photodoped material. Conversely,
negative charges are probably trapped within certain sites of
the polymer, e.g., chain defects, or localized in the repeating
units themselves. These results are consistent with the higher
p-type charge carrier delocalization in PDTT1 and PDTT2 found
by the in-situ FTIR spectroelectrochemical measurements.

In all cases, no softening of IRAV modes is observed in the
photoexcited spectra as compared to the electrochemical doping

Figure 11. FTIR difference spectra during p- and n-doping of PDTT3.
Sequence: bottom to top.

Figure 12. FTIR difference spectra during p- and n-doping of PDDT3.
IRAV range. Sequence: bottom to top.

Figure 13. PIA-FTIR spectra of PDTT1 (dotted line), PDTT2 (dash-
dotted line) and PDTT3 (solid line).
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induced spectra. On the contrary, some bands even show a small
blue-shift in the photoexcited case. This observation suggests
that the small number of carriers generated by photodoping have
a kind of “extra-pinning”, possibly arising from strongly
localized negative charges acting as pinning sites for the positive
carriers. Such an effect explains the similarity of the IRAV
frequencies despite the absence of electrolyte counterions in the
photoexcited case.

In our previous paper, we discussed the correlation between
IRAV bands and Raman bands of PDTT3.37 Here we extend
the same analysis to PDTT1, as detailed in Table 1. The bands
R1 andR2, which in Raman show large intensity redistribution,
and softening with excitation wavelength, exhibit further changes
going to the IR spectra.R1 weakens in the p-doped polymer
spectrum and is observed only as shoulder in the PIA-FTIR
spectrum. Conversely,R2, observed as a shoulder in the Raman
spectrum with excitation at 457 nm, becomes stronger with the
NIR excitation and is among the dominant bands in the doped
and PIA-FTIR polymer spectra. In addition to the softening with
increasing excitation wavelength,R1 andR2 show a further shift
to red in the FTIR polymer spectra. For PDTT2, due to the
complexity of the spectral pattern and especially to the overlap-
ping of several bands in the p-doped polymer spectrum, such a
correlation would be too speculative and has not been done.
However, it can be noted that the sharp and medium bandâ9,
observed in all of the IR as well as the Raman spectra of
PDDT2, seems to have the same origin asγ7 in PDTT3.37

In situ Electron Spin Resonance Spectroscopy.In addition
to vibrational spectroscopy, ESR spectra of PDTTs were
recorded in situ during electrochemical p- and n-doping in
potential scan experiments. In all cases, the formation of
paramagnetic charge carriers (polarons) is observed. As an
example, Figure 15 shows the ESR signal obtained during
p-doping and dedoping of PDTT3. A detailed study of the
behavior of the ESR signal and its correlation to electrochemical
parameters (e.g., amount of charge, electrode potential) is in
progress. The maximum signal obtained during p- and n-doping
was used for the determination of theg-factors. The rescaled
spectra of the respective charge carriers in PDTT1, PDTT2, and
PDTT3 are shown in Figure 16. P-doped PDTTs spectra consist
of a single line at g-factors around 2.004, which is higher than
the values commonly observed for doped (as well as photoex-
cited) conjugated oligomers52 and polymers.53-56 The n-doped
PDTTs spectra consist of a single line at even higherg-factors.

The spin signature of negative polarons is seen by the lines at
g-factor values ranging from 2.0049 (PDTT2) to 2.0054
(PDTT1). Theseg-factors are remarkably high. The origin of
the high g-factors is assumed to be the stronger spin-orbit
coupling within the PDTTs, potentially related to the sulfur
atoms in the fused moieties, which again shows their strong
influence of the polymer properties. It is also remarkable that
theg-factor for the negative polaron as compared to the positive
polaron on one-and-the-same polymer is systematically higher.
This g-factor shift can have several origins:

-The different spin-orbit coupling terms by the different
polaron distribution on the sulfur atoms in the p- and n-doped
polymer.

-The differences in excited-state energies for the n- and
p-polarons, respectively, resulting in differentg-factor shift term
due to the denominator in the spin-orbit terms.57

-In principle, there could also be an effect due to the
incorporation of different counterions during p- and n-doping.58

Independently of the doping sign, all ESR lines are rather
narrow (∆HP-P of 2-3.5 G). Narrow ESR lines for p-doped
conducting polymers are commonly observed and interpreted
by motional as well as exchange narrowing due to a large
number of carriers.59 Positions and widths of the ESR lines are
listed in Table 3.

Figure 14. PIA-FTIR spectra of PDTT1 (dotted line), PDTT2 (dash-
dotted line) and PDTT3 (solid line). Spectra are arbitrarily rescaled.

Figure 15. In situ ESR spectra during p-doping (spectrum number
0-10) and dedoping (11-20) of PDTT3.

Figure 16. In situ ESR spectra of p- (solid line) and n-doped (dotted
line) PDTT1 (a), PDTT2 (b), and PDTT3 (c). Spectra are arbitrarily
rescaled.

TABLE 3: Position and Line Width of Doped PDTTs ESR
Signalsa

PDTT1 PDTT2 PDTT3

g-factor p/n 2.0045/2.0054 2.0044/2.0049 2.0042/2.0052
∆HP-P (G) p/n 2.7/2.8 2.0/2.2 3.6/3.3
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Conclusion

In this work, we have investigated the doped and pristine
PDTTs, low band-gap polymers that undergo reversible elec-
trochemical p- and n-doping as well as photodoping. In pristine
PDTTs, the Raman modes mostly contributing to the ECC do
undergo intensity redistribution as well as frequency dispersion.
This behavior can be taken as a vibrational signature of the
enhanced quinoidal character of the chain, which overcomes
the π-electron confinement typical of simpler polythiophenes.
In doped PDTT1 and PDTT2, charge carriers of opposite signs
show different spectral signatures, whereas in doped PDTT3
no significant differences are observed. The spectral patterns
are strongly affected by the different aromatic moieties fused
to the thiophene rings forming the polythiophene-like chain. In
particular, as their aromaticity increases and, thus, the polymer
band-gap decreases, modes located within the fused moiety
couple to the delocalized electron system along the poly-
thiophene backbone.

With in situ ESR spectroelectrochemistry, paramagnetic
charge carriers were observed upon both signs of doping. The
spins of the positive carriers are found at g-factors higher than
those reported for most of p-doped conjugated polymers. The
spin of negative carriers exhibits a shift of the g-factors to even
higher values as compared to the positive polarons.
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