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Poly(dithienothiophene)s (PDTTSs), 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 diffezkzdtron 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 more complicated on-dopedconjugated polymers have been
. L . ) limited by theoretical difficulties and by their frequent instability,
Due to a strong lattice relaxation in one-dimensional systems respectively
. P . .
with strong electrorrphonon coupling;” chemical as well as The infrared spectra of conjugated polymers in their conduc-

electrochemical oxidation and reduction of nondegenerate .. . A
. -~ tive (chemically- or photodoped) states are characterized by
ground-state conjugated polymers usually lead to the formation .

of charge carriers with spin 1/2, denoted as positive/negative intense IRAV bands, typically ranging from 1600 to 700t

. . . . These bands originate from the strong electrphonon cou-
polarons (radical-cations/-anions), delocalized along the polymer _ . . !
chain and which exhibit peculiar electronic, vibrational, and pling mentlon_ed_above a_nd thus proy!de not only structural but
charge transport propertié8.Also, photoexcitations may lead also electr.omc information. In adglmon, IRAVS are usually
to charge separation and to the formation of such charge accompanied by broad IR abSOFDIIOI’.I.banC.iS at hlgher energy.
carrierst45The lattice relaxation induces new electronic levels | Neoc Pands correspond to the transitions involving the in-the-

within the polymerz—xa* energy gap (band-gap) and usually gap electronic Ievgls. .

lead to an insulator-to-metal transition at a critical doping level. ~ S€veral theoretical models have been developed in order to
The redox processes involving the formation of charge carriers €XPlain the spectroscopic signatures of charge carriers. For the
in conjugated polymers are described, in analogy to inorganic description of the electronic and V|brqt|0nal properties of neutral
semiconductors, as p-, n-, and photodoping. and dopedranspplyacetylene, Horov_ltz etal. and Ehrenf_reund
et al. have considered the change in the charge density wave
associated to the vibrational motion of the polymer backiSéne.
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 actigmodes in

the pristine form of the polymer due to the local breaking of
the symmetry around the charge carfiét11In 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. Areffectve conjugation

Due to the strong electrerphonon 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 decadés!4 On the other hand, detailed studies of
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is sketched as exampl&).26 Indeed, according to this synthetic
Figure 1. Chemical structures, band-gap valu&g)(and maximun principle, PDTT1, PDTT2, and PDTT3 show low band-gap
absorption wavelengthg fay) of PDTTs.E; andAmax data from ref 16. values. The higher the aromaticity of the fused thienothiophene
The inset show the relevant canonical forms: (&) aromatic; (b) quinoidal. mojety, which increases in the sequence PDTT1, PDTT2,

spectroscopy as complementary techniques are necessary fo'?DTTs'23 the lower is the p_olymer band-gap size. Dug to the
understanding the vibrational spectra of pristine and doped €/€Ctror-phonon coupling in conjugated polymers, different
conjugated polymers. Recently, Ehrenfreund and Vardeny usedmoieties fused to the same polythiophene-like chain are expected

a model introduced by Girlando et al. (GPS motdt) establish to influence also the vibrational behavior of PDTT1, PDTT2,
a link between the electronic absorption bands and the IRAV and PDTT3. By means of Raman spectroscopy, in situ attenu-

bands of doping induced spect?All of the models correlate ated t_otal reflection (ATR) F_TIR spectroelectrochemistry and

intensity, width, and position of the IRAV bands to the Photoinduced FTIR absorption spectroscopy, we have indeed

delocalization of charge carriers along the polymer chain. ~ ©Pserved thatthese members of the same polymer family exhibit
These theories, developed for relatively simple systems such® variety of spectroscopic behaviors. In particular, PDTT1 and

astranspolyacetylene and extended to few polyheteroaromates, PPTT12 in their p- and n-doped states show two dissimilar IRAV

do not account for possible differences in the IRAV signatures Patterns. r?onversely,f no substantial differences ”are founhd
of positive and negative charge carriers. In addition, becausePetween the spectra of p- and n-doped PDTTS3. In all cases, the

the “pinning” in absence of counterions should be lower, photoinduced IR absorption spectra r.esemble tho§e ,Of .the
photoinduced IRAV bands should appear at lower wavenumbersP-doPed polymer and do not show softening of modes, indicating
than chemically induced ban#s.Experimental work has that a k_|nd of pinning occurs even in absence of electrolyte
confirmed that these models rationalize the spectroscopicCoumer'ons' . ) .

behavior of conjugated polymers, providing a self-consistent . _E/€ctron spin resonance (ESR) combined with electrochem-

description of the vibrational properties of many and relatively 'Sty has been applied successfully in the elucidation of the
simple systems like, for instance, poly(alkylthiopherfe)s. doping mechanisms of several conjugated polymers and can

However, some conjugated polymers show a more complex directly proof the formation of paramagnetic charge carriers such
behavior. These materials are often promising candidates for2S Plarons’*¢In situ ESR spectroelectrochemistry measure-

applications because they may combine low band gap, outstandMents performed during p- and n-doping of PDTT1, PDTT2
ing optical properties and high stability in either the p- and and PDTT3 reveal that the charge carriers of polaronic nature

n-doped states. A detailed description of the electronic and exhibit unusually high g-factors. In addition, negative polarons

vibrational properties of such materials is necessary for the basichav_e_ systematically higheg-factors as compared to their
understanding of their behavior. In particular, spectroscopic POSItive counterparts.

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  The monomers DTT1, DTT2, and DTT3 were synthesized

Experimental Section

conjugated polymers. following methods reported in the literatu¥e3? For electropo-
The low band gap and both the p- and n-dopability of the lymerization, the monomers were dissolved, working in an argon

polydithienothiophenes (PDTTSs) poly(dithieno[3,4-43-d]- drybox and using shielded glassware, in anhydrous acetonitrile

thiophene) (PDTT1), poly-(dithieno[3,4-b;2 —d]thio- containing tetrabutylammonium hexafluorophosphate (0.1 M)

phene) (PDTT2), and poly-(dithieno[3,4-b2—d]thiophene) as supporting electrolyte. The solution was then transferred via
(PDTT3)6719 make them attractive for comparative spectro- syringe into the spectroelectrochemical cell sketched in Figure
scopic studies of doping induced defects. The polymer structures2. A platinized Ge reflection element with an electrochemically
are shown in Figure 1 along with their band-gap valtfes. active area of 0.63 cfrwas the working electrode, whereas a
According to Bolognesi and co-workéPsand ref 21, PDTTL, Pt foil and a Ag/AgCl wire electrode«(190 mV vs SCE) were
PDTT2, and PDTT3 can be regarded as polythiophene-like the counter and the quasi-reference electrode, respectively.
chains in which a thienothiophene aromatic mof@ts? evi- The electrochemical equipment consisted of a Jaissle 1002T-
denced by bold bonds in Figure 1, is fused to each thiopheneNC potentiostat, a Prodis 1/14 | sweep generator and a
ring. PDTTs have been prepared following the idea that an Rikadenki RY—PIA x—y recorder. Thin films of the polymers
aromatic system fused to the thiophene ring lying in the were electrosynthesized potentiostatically according to Arbizzani
polythiophene-like chain increases the quinoidal character of et all® After electrosynthesis, the spectroelectrochemical cell
the latter and, therefore, tleelectron inter-ring delocalization ~ was rinsed with a monomer-free electrolyte solution. Prior of
along the whole polymer (see inset in Figure 1, where PDTT3 in-situ ATR-FTIR spectroelectrochemistry, the polymer films
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were electrochemically dedoped. The same procedure was 4
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 c)

investigated process, as reference and then relating the subse- = : ;
guent spectra to this chosen reference. Spectra were calculated ]

as A[—logTatr], WhereTatr is the transmittance in the ATR b)

geometry. Details and the setup for in-situ ATR-FTIR spectro-

electrochemistry have been described elsewfferé. . a) )

1

Raman intensity [a. u.]

For PIA-IR spectroscopy the samples were mounted on the 4
coldfinger of a liquid nitrogen cooled cryostat with ZnSe
windows and illuminated in a £45eometry. The excitation was
made by the 488 nm line of an Adaser, with intensity of 30

mW/cn?. The PIA infrared spectrum was obtained by recording 1800 1600 ‘ 14|00 1200 1000 ' 860 600

10 single beam spectra under illumination followed by 10 single . 4

beam spectra recorded in the dark. 300 repetitions of this Raman shift [cm ]

sequence were accumulated to achieve a satisfying signal-to-Figure 3. Raman spectra of pristine PDTT1. Excitation at 457 (a),
noise ratio. 488 (b), 633 (c), and 1064 nm (d).

For Raman measurements the polymer films have been
electrodeposited on indium-thin oxyde coated glass (Balzer, 1
resistivity 20 ohmsZl) electrodes and then again carefully
dedoped. The spectra were recorded with a Bruker IFS=66A
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 Aand 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.

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 b)
of 2 mW. The standard cavity ER 4104 OR (Bruker) resonant
in the TE, mode was used. The spectroelectrochemical ESR )
flat cell has been described in detail elsewhér@uring 1a

potential cycling at a rate of 10 mV/s, ESR spectra were — ; R S
recorded consecutively. As standard, a capillary filled with 1800 1600 1400 1200 1000 800 600
magnesium oxide qontaining Mh was fixed outside of the Raman shift [cm']

spectroelectrochemical cell.

Raman intensity [a. u.]

Figure 4. Raman spectra of pristine PDTT2. Excitation at 457 (a),
514 (b), and 1064 nm (c).

Results and Discussion . o
(a—d). See also Table 1). With the NIR excitatioh€ 1064

Raman Spectroscopy.Resonant Raman scattering is an nm) near the onset of the absorption band of PD¥Es)d thus,
useful tool to obtain some insight on how the different in resonance with the chain segments with the more extended
thienothiophene moieties are affecting thvelectron delocal- m-electron delocalization, the Raman spectra display a much
ization of the polythiophene-like conjugated backbone. The more complicated pattern. The PDTT1 Raman spectrum (Figure
resonant Raman spectra obtained at various excitation wave-3(d)) shows four relevant bands at 1466)( 1422 (), 1287
lengths are displayed in Figure 3, 4 and 5. In the following (as), 1237 cm! (0); a broad and weaker feature is seen at
discussiong, f3, andy refer to PDTT1, PDTT2, and PDTT3, about 850 cm!. The Raman spectrum of PDTT2 (Figure 4(c))
respectively. Upon tuning the excitation wavelength within the is rather similar to that of PDTT1. Although red-shifted, the
polymerz—z* absorption bands (for absorption spectra see ref intense bands seen at 143%)(and 1395 £,) cm~! compare
16), the selective excitation of chain segments with different well with o; and a,. Again, two bands are at 12884 and
m-electron delocalization leads to a frequency dispersion and 1237 cn?! (84). The most striking difference is the presence of
to an intensity redistribution of the Raman modes. At lower several medium or weak bands below 1000 &iffs-(, listed
excitation wavelengths, i.e., in resonance with the shortestin Table 2). For PDTT3, detailed data have been reported
conjugation lengths, PDTTs exhibit two intense Raman bands, recently3” Its NIR excitation spectrum (Figure 5(d)) shows a
indexed 1 and 2 (Figure 3fal), Figure 4(a-c) and Figure 5 quite complicated pattern, in which five main bands are observed
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TABLE 2: IR Bands of Doped PDTTs?
" YZ'/% Ta PDTT1p PDTT1n PDTT1PIA
/ / 1687 vw
Y. 1518 w 1525
d) { 1438 vw 1456
— 1361 vs 1385vs 1361
5 4 1309 vw 1315w
© 1277 vs 1271 vs 1278
. 1205 vs 1207 m 1206
-"ﬁ C) ; 1157 w 1153w 1151
c 1122 1111w
.“E’ 1078
- 929 w
© 899 w
£ b) 845 vs el
& 760 vw 756
669 w
644 w 630
a) PDTT2 p PDTT2n PDTT2 PIA
1456 w 1450 w
T e T 1392 1402
1800 1600 1400 1200 1000 800 600 1356 m 1349 ms 1363
. Kl 1307 1317
Raman shift [cm] 1279 1276
Figure 5. Raman spectra of pristine PDTT3. Excitation at 457 (a), 1249 vs
514 (b), 633 (c), and 1064 nm (d). 1217 vs 1225
1178 m
TABLE 1: Band Assignment and Wavenumber of Raman 1147 vs
and IRAV Modes 1082 s 1068 s 1082
922 mv
PDTT1 837 vs el
V() v(0) (as)  P(ow) v(as) 733 s sh 723w
690 mw
457 nm 1501 sh 1303 vw
488nm 1495  1440sh 1300 W 659 w 651 m 657
633 nm 1479 1437 sh 1298 /
1064nm 1466 1422 1287 1237 ~850w PDTT3p PDDT3n PDDTS PIA
p 1438 w 1361 1277 1205 1460 w 1469 w 1469
n 1456 w 1385 1271 1207 1445 vw
PIA sh 1361 1278 1206 1401 m 1403 m 1400
1371m 1369 m 1372
PDTT2 1326 1329 m 1330
- — - - — — _ — — 1287 m 1281s 1295
(B1) v(B2) ¥(B3) v(Ba) ¥(Bs) V(Bs) ¥(B7) v(Bs) V(Bo) 1214 s 1221 vs 1226
457 nm 1502 1437 wvw VW VW VWw 1180s 1176 s 1180
514nm 1490 1419 1295 1184 vw vw 731 wvw 1139s 1150 1140
1064 nm 1431 1395 1287 1237 1190 1086 866 743 658 1110s
1020 1080 m
PDTT3 940 w 941
o) W) T s W) W) wye) o) 842 vs of sotm 862
457 nm 1500 1473 1407 1355 646 778 w 764 m 77
514 nm 1495 1466 1402 1353 1331 646 721w 700 w
633nm 1485 1451 1402 1348 1325 / 684 w 660 w
1064 nm 1475 1422 1400 sh 1344 1318 1250 b-9600 639 634 s 630 s 634
p (n) 1460 1401 1326 1287 1250- 950- 634 )
1371 1120 770 a2 Numbers are wavenumbers, vs, very strong; s, strong; m, medium;
PIA 1469 1400 1330 1295 1250- 95G70 634 w, weak; vw, very weak; el, electrolyte; p, p-doping; n, n-doping; PIA,
1372 1120 photodoping

Wavelengths are the Raman excitation lines; p, p-doping; n, the range 10861050 cni (C—C stretchingt C—H wagging
n-doping; PIA, photodoping; w, weak; vw, very weak; sh, shoulder -, mnonent§440 The modes that possess the largest ECC
at 1475 o), 1422 1), 1344 3), 1318 §4), and 639 ¢7) cmt character correspond to the bands near 1500 cm-1, which show
along with several weaker features. A remarkable behavior a weak dispersion with different chain lengths (as well with

shows bandy;, which is assigned to modes containing& different excitation wavelengths in polydispersed samples). This
stretching character and located within the thienothiophene fusedbehavior is the vibrational signature proving that in poly-
moiety 37 thiophenesr-electrons are mostly confined within each thiophene

These spectral features evidence that the Raman behavior ofing or within a very restricted domain of the chait® For
PDTTs is significantly different from that of simpler poly- PDTTSs, significant differences to the simpler polythiophene
thiophenes. In general, Raman spectra of the polythiopheneRaman spectra are found:
family show three main lines coupled to the electronic transition.  —More complicated spectra are observed for PDTTs (more
Two dominant lines are around 1500 and 1450 &qC=C Raman lines are seen going from PDTT1 to PDTT2 and
stretching region}®-3°whereas a weaker feature is seen within PDTT3);
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—Most of the PDTTs Raman bands show both intensity 40
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 &m the simple
polythiophenes’ spectra;

—In PDTTs, no relevant Raman lines are observed around
1100 cnt?;

—In the region around 1300 crf no dominant lines are : : :
observed for polythiophenes, whereas two intense lines are seen 05 00 05 10
for the PDTTs (band index 3 and 4). E [V]

Most of the above differences can be explained considering Figure 6. Cyclic voltammogramms of PDTT1 (daskiotted line),
the enhanced weight of the quinoidal canonical form in the PDTT2 (dotted line), and PDTT3 (solid line), recorded during the in
definition of the PDTTs electronic ground-state and hence the situ ATR-FTIR experiments. Scan rate 5 mV/s.
increased inter-ring electronic delocalization:

—This effect is overcoming the-electron confinement found
in polythiophenes (as well it is reducing the band-gap).

20 |

Current [uA]

0,26
p-doping

0,20 -
Therefore, the modes containing the strongest ECC contribution
do exhibit the predicted frequency dispersion; -~ 0151
—Apart from the relative differences in the weight of the '_'E
canonical forms (crucial for the size of the band-gap), it is 2 0101
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 definitioR}. Therefore, the &C
stretching vibration mostly contributing to the ECC mode must

0,05

0,00-

3000 2000 1000

be that between the nuclei,€C; of the thiophene ring lying 5000 4000

in the polythiophene-like chain. As such, the red-shift of lines 4
1 and 2 in PDTTs compared to the corresponding ECC modes Wavenumber [cm ]
in polythiophenes is motivated by the decrease of the Gy .

force constant that must accompany the increased quinoidal 0,10 -

character of the chain. As further corroboration, these lines shift n-doping

to lower wavenumbers as the polymer band-gap decreases (
(o)1 > ¥(B2) > ¥(ya) andv(az) > ¥(B2), (y2));

—Conversely, the £—C, (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-énhas been
assigned to G—C, symmetric stretching®3® Thus, it is 0,004 :
noteworthy that PDTT spectra show intense lines, well above 5000 4000 3000 2000 1000
1200 cn1l, that shift to higher wavenumbers as the band-gap
decreasesv(og) < v(B3) < v(ys) andv(os) < v(Ba), v(ya))-

In conclusion, the Raman spectra of PDTTs display the Figure 7. FTIR difference spectra during p- and n-doping of PDTT1.
spectral signatures of an increased quinoidal character of theSeduence: bottom to top.
polythiophene-like chain compared to polythiophenes and of
the involvement of the thienothiophene moieties to the polymer
backboner-electron delocalization. These effects are increasing Figure .

from PDTT1 to PDTT2 to PDTTS. The IR spectral changes developing during p- and n-doping
In situ FTIR Spectroelectrochemistry. As mentioned inthe  of PDTT1 are depicted in Figure 7. With both p- and n-doping,
Introduction, PDTT1, PDTT2, and PDTT3 are among the few the spectra show a broad electronic absorption band, with
conjugated polymers so far described that undergo both reversmaximum around 3600 cm, and IRAV bands in the vibrational
ible p- and n-doping. A general and preferential way of doping range (the latter is represented in detail in Figure 8). The
is by electrochemistry, where the redox processes are determinedrequencies and the characteristics of the IRAV bands are
by the electrode potenti&t#? In this way, a defined and  reported, along with those observed upon doping of PDTT2 and
reproducible doping can be obtained by the control of electro- PDTT3, in Table 2 (Table 2 collects also frequencies from the
chemical parameters. By combining cyclic voltammetry and PIA-IR absorption spectra that will be discussed later). The sharp
ATR-FTIR spectroscopy, we have recorded, in situ, the IR peak at 842 cm-1, growing during the p-doping of all polymers,
spectral changes during the doping processes of PDTT1, PDTT2js due to the incorporation of the hexafluorophosphate ions
and PDTT3. balancing the charge formed on the polymer by the oxidation

A(-logT,..)
o
@

Wavenumber [cm'1]

The cyclic voltammograms (scan rate 5 mV/s) taken during
the in situ IR spectroelectrochemical experiments are shown in
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Figure 8. FTIR difference spectra during p- and n-doping of PDDT1. Figure 9. FTIR difference spectra during p- and n-doping of PDTT2.
IRAV range. Sequence: bottom to top. Sequence: bottom to top.
0,10

process. As can be seen, the following differences between p-
and n-doped PDTT1 spectra are observed: p-doping

—The p-doped polymer spectrum shows three dominant
IRAV bands, whereas only two intense IRAV bands emerge

upon n-doping (Figure 8); 'T“(E

—In the n-doped polymer spectrum, the intensity of all 50’05’
features is about the 50% of that observed in the p-doped o
=

polymer spectrum (Figure 7);
—The relative intensities of bands are different in the two M
IR A BT NN A

differently doped polymer forms. In particular, the intensity of

the in-the-gap electronic absorption band relative to those of 0,00 ; : ‘ . —
IRAV bands is drastically lower in the n-doped polymer 1800 1600 1400 1200 1000 800 600
spectrum (Figure 7). Wavenumber [cm™]

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! and IRAV bands in the vibrational range (detailed in 0,05 1
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); W/\M
—Remarkable differences are also seen when considering the W

n-doping

A(-logT, )

features with medium and weak intensity below 800~&m 0,00 ‘ ; ; ; :

(Figure 10); 1800 1600 1400 1200 1000 800 600
—Similar to PDTT1, the intensity o_f the n-doped PDTT2 Wavenumber [cm]

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

Figure 10. FTIR difference spectra during p- and n-doping of PDDT2.

spectrum. IRAV range. Sequence: bottom to top.

Such differences indicate a different delocalization for the
positive and negative charge carriers in PDTT1 and PDTT2, as (isothianaphthenemethin®&)Despite the feasibility of reversible
already reported for other p- and n-dopable polymers such asdoping of both signs these polymers maintain a higher delo-
poly(ethylene-2,3-dioxythiophene) (PEDGT)*® and poly- calization/mobility of positive charge carriers, as indicated by
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Figure 11. FTIR difference spectra during p- and n-doping of PDTT3. Figure 12. FTIR difference spectra during p- and n-doping of PDDT3.
Sequence: bottom to top. IRAV range. Sequence: bottom to top.

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?”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 applicatitng?

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 polythiophenés® 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 theslectrons of the a
fused thienothiophene moiety of PDTTs affect differently the Wavenumber [cm ]
s-electron delocalization along the polythiophene-like chain, Figure 13. PIA-FTIR spectra of PDTT1 (dotted line), PDTT2 (dash
thus determining the different electronic and vibrational proper- dotted line) and PDTT3 (solid line).
ties of the polymers. In particular, the fact that the spectral the corresponding p-doped polymer, especially concerning the
complexity increases from PDTTL1 to PDDT2 and PDDT3, can IRAV bands. Such a similarity is implicit only for PDTTS3,
be explained by the increased interaction betweenrtietec- whose positive and negative charge carriers possess nearly
trons within the fused moiety and the polythiophene-like chain, identical IR signatures. For PDTT1 and PDTT2, which show
according to the enhanced inter-ring delocalization as the band-different spectra in the p- and n-doped state, it must be inferred
gap decreases. that mostly positive polarons are delocalized and behave as

Photoinduced IR Absorption. The spectral signatures of  majority charge carriers in the photodoped material. Conversely,
charged carriers (electronic absorption and IRAV bands) are negative charges are probably trapped within certain sites of
also observed in the photoinduced IR absorption spectra, whichthe polymer, e.g., chain defects, or localized in the repeating
are presented in Figure 13 and in Figure 14 (band wavenumberaunits themselves. These results are consistent with the higher
are collated in Table 2). The formation of both positive and p-type charge carrier delocalization in PDTT1 and PDTT2 found
negative charge carriers is expected by dissociation of excitonby the in-situ FTIR spectroelectrochemical measurements.
after photoexcitation as well as by direct excitatidiowever, In all cases, no softening of IRAV modes is observed in the
it can be seen that the PIA-IR spectra are similar to those of photoexcited spectra as compared to the electrochemical doping
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Figure 15. In situ ESR spectra during p-doping (spectrum number
0—10) and dedoping (1120) of PDTT3.
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Figure 14. PIA-FTIR spectra of PDTT1 (dotted line), PDTT2 (dash
dotted line) and PDTT3 (solid line). Spectra are arbitrarily rescaled.

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

ESR signal [a. u.]

carriers. Such an effect explains the similarity of the IRAV .
frequencies despite the absence of electrolyte counterions in the 2010 2008 2006 2004 2,002 2,000
photoexcited case. g-factor

In our previous paper, we discussed the correlation between _ o

IRAV bands and Raman bands of PDT33Here we extend Figure 16. In situ ESR spectra of p- (solid line) and n-doped ((_jott_ed
the same analysis to PDTT1, as detailed in Table 1. The bands'r'g:gafe%ﬁl (@), PDTT2 (b), and PDTTS (c). Spectra are arbitrarily
o andop, which in Raman show large intensity redistribution, '
and softening with excitation wavelength, exhibit further changes TABLE 3: Position and Line Width of Doped PDTTs ESR
going to the IR spectran; weakens in the p-doped polymer Signalg
spectrum and is observed only as shoulder in the PIA-FTIR PDTT1 PDTT2 PDTT3
spectrum. Converselyi,, observed as a shoulder in the Raman = e ™ 5 0045/2.0054  2.0044/2.0049  2.0042/2.0052
spectrum with excitation at 457 nm, becomes stronger with the A" G)pin  2.7/2.8 20/2.2 3.6/3.3
NIR excitation and is among the dominant bands in the doped
and PIA-FTIR polymer spectra. In addition to the softening with e gpin signature of negative polarons is seen by the lines at
fo 1ed In the FTIR poymer specira. For POTTZ, due to the I2C1or values ranging from 20049 (PDTT2) to 20054

. . ’ (PDTT1). Thesegy-factors are remarkably high. The origin of
cpmplexﬂy of the specf[ral pattern and especially to the overlap- the high g-factors is assumed to be the stronger sirbit
ping of several bands in the p-dopt_ed polymer spectrum, such acoupling within the PDTTSs, potentially related to the sulfur
correlation would be too speculative and has not been done. ; - . . .
However, it can be noted that the sharp and medium tand gtoms in the fused moieties, whlch again shows their strong

f influence of the polymer properties. It is also remarkable that

observed in all of the IR as well as the Raman spectra o . "
theg-factor for the negative polaron as compared to the positive

PDDT2, seems to have the same originyasn PDTT35’ ) _ _
In situ Electron Spin Resonance Spectroscopyn addition polaron on one-and-the-same polymer is systematically higher.

to vibrational spectroscopy, ESR spectra of PDTTs were |NiS g-factor shift can have several origins:

recorded in situ during electrochemical p- and n-doping in ~ —The different spir-orbit coupling terms by the different
potential scan experiments. In all cases, the formation of polaron distribution on the sulfur atoms in the p- and n-doped
paramagnetic charge carriers (polarons) is observed. As anpolymer.

example, Figure 15 shows the ESR signal obtained during —The differences in excited-state energies for the n- and

p-doping and dedoping of PDTT3. A detailed study of the _nolarons, respectively, resulting in differeptactor shift term
behavior of the ESR signal and its correlation to electrochemical §,e to the denominator in the spiorbit terms37

parameters (e.g., amount of charge, electrode potential) is in O inciole. th Id also b ftoct due to th
progress. The maximum signal obtained during p- and n-doping . N principie, there could aiso be an efiect due to the
was used for the determination of thefactors. The rescaled  mcorporation of different counterions during p- and n-dopihg.
spectra of the respective charge carriers in PDTT1, PDTT2, and Independently of the doping sign, all ESR lines are rather
PDTT3 are shown in Figure 16. P-doped PDTTs spectra consistnarrow (AHp-p of 2—3.5 G). Narrow ESR lines for p-doped

of a single line at g-factors around 2.004, which is higher than conducting polymers are commonly observed and interpreted
the values commonly observed for doped (as well as photoex-by motional as well as exchange narrowing due to a large
cited) conjugated oligoméersand polymer$3-56 The n-doped number of carrier§? Positions and widths of the ESR lines are
PDTTs spectra consist of a single line at even highfactors. listed in Table 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 w-electron confinement typical of simpler polythiophenes.
In doped PDTT1 and PDTTZ2, 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 moietygo.

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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