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Abstract

The room temperature doping and auto-dedoping processes of &eCIAUCE doped polyalkylthiophenes were studied with X-ray
photoelectron spectroscopy. The redox chemistry of both the carbon and sulfur atoms on polymer backbone was revealed with the ESCA
data. The reactions of counter anions, RéGind AuCl ! during dedoping were carefully studied. The ESCA data also indicated that no
chlorination on polymer backbone occurred in either doping or dedoping reacB®@00 Elsevier Science Ltd. All rights reserved.
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1. Introduction a regular way increased the stability against thermal dedop-
ing.

Organic conjugated polymers, since their discovery inthe  The dedoping mechanism in P3AT has been explained by
late 1970s, have shown potential as next generationthe increasing reactivity of the conducting oxidized state
materials for application in electronic devices [1]. Poly- toward the reducing species, such as water [18,19].
alkylthiophene is one of the most interesting conducting However, Horowitz [20] found that the oxidized polymer
polymers, because of its characteristic properties, such agin solution) is reduced to a neutral state when acetone is
solubility for various organic solvents, fusibility at rela- added, but the exact nature of this reaction is still unknown.
tively low temperature [2], gel characteristics [3], solvato- Pei et al. believed that the thermally activated side chain
chromism [4] and thermochromism [5—8]. The solubility of mobility was the reason for the dopant to be kicked out of
the polyalkylthiophene comes from a decrease in the attrac-the polymer backbone. Therefore, the bigger dopants will be
tion between polymer chains and the introduction of favor- kicked out more easily than small ones [21]. However,
able interactions between the substituents and the solventsCiprelli et al. discovered that the size of the dopant ions
Unfortunately, side chain substitution also causes thermaldoes not appear to be a determining factor in the dedoping
instability of the doped polymer. Thermal dedoping appears process [22]. Instead, the electronic properties of the counter
to be a critical technological problem for the application of anion play a key role in this process. Wu et al. [23] found
the P3ATs. A considerable number of studies have beenthat the dedoping process was exactly the reverse of the
carried out in order to understand the instability of the doping: the bipolarons were reduced to polarons, the polar-
doped P3ATs, and several groups have provided valuableons were then reduced to neutral polymer. The structure
insights into this rather complex phenomenon [9—11]. It was regularity, alkyl side chain length, dopant, solvent, and
reported that the dedoping (or conductivity decay) rate light all affected the dedoping rate of conducting poly-
depends on the dopants [12,13], degree of doping andalkylthiophenes. Moreover, it was reported by Abdou et
temperature [14], as well as the humidity level of the al. that for thin films &1 wm), photochemical dedoping
surrounding atmosphere [15,16]. On the other hand, somedominated over thermal dedoping under ambient lighting
studies had shown that the dedoping process also dependeff4]. Nevertheless, direct evidence for the reduction of the
on the arrangement of alkyl side chains in the polymer back- polymer backbone and the distribution of the counter anions
bone [17]. A reduction of the number of alkyl side chains in after dedoping had not been reported in detail. Understand-

ing the dedoping mechanism is the first step toward improving
the performance, and therefore the applications, of conducting
"+ Corresponding author. Tel+11886-3-422-7151: fax: 1186-3-422- polyalkylthiophenes. In this article, an X-ray photqelectron
7664. spectroscopy (XPS) was used to probe the dedoping process
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thickness of all the films was kept between 4750 and
C1s 5250 A

2.3. Doping of the polyalkylthiophene films with Fe@hd
a AuChk

Intensity

Chemical doping was carried out by dipping the film
(casted on substrate) in 0.1 M nitromethane (or acetonitrile)
b solutions of FeGlor AuCl; for 30 min. After oxidation, all
films were rinsed with the solvent several times and blow-
280 285 290 295 300 dried with N, gas. The UV/Vis/NIR absorption measure-
Binding energy (eV) ment was used to monitor the doping process. The doping
completeness was judged by the total disappearance of the
w—m" transition absorption of the neutral polymer.

2.4. Dedoping of the conducting polyalkylthiophenes

The doped polymer films were stored in a vial in an

S2p ambient atmosphere at room temperature. The dedoping
processes, which can be monitored with a UV/Vis/

NIR spectrometer, occurred automatically. The ex

situ XPS studies were performed on the neutral,

(b) doped, partially dedoped, and totally dedoped polyalk-

ylthiophenes.

Intensity

(c
3 , § i . _ 2.5. Physicochemical studies
155 160 165 170 175 180
Binding energy (eV) X-ray photoelectron spectroscopy measurements were

performed with a Perkin—Elmer PHI-590AM ESCA/XPS
Fig. 1. The Cl1s, S2p binding energies of polydodecylthiophenes: (a) spectrometer with a Cylindrical Mirror Electron (CMA)
neutral; (b) FeGldoped; (c) dedoped. energy analyzer. The X-ray sources were At l&t 400 W
and Mg K at 400 W. Argon ion sputtering was performed
by using an Ar-ion gun at 4 kV beam energy and 25 mA
emission current for 180 s (or 300 s) intervals. Samples for
2.1. Reagents the XPS studies were made as polymer films on the gold

substrates. Gold spectra were taken as a calibration standard

3-Bromothiophene (stored in a molecular sieve), before, during and after measuring the samples. UV/Vis/

Ni(dppp)Ch, Mg, FeCk, AuCl;, bromoalkane were NIR spectra were obtained with a Varian Cary 5E spectro-
purchased from commercial sources and used as receivedneter in an ambient atmosphere at room temperature. The
unless otherwise specified. All solvents are HPLC grade andthickness of the polymer films was measured with a Dektak

distilled over Na or Cabiprior to use (bromoalkane was 3 surface profile measuring system and was further cali-
distilled over MgSQ). brated by UV/Vis absorptions [27]. Scanning Electron

Microscopy (SEM, Hitachi S-800 at 15 kV) and Energy
Disperse Spectroscopy (EDS, Delta Class Analyzer) were
also used to characterize the surface morphology and
surface component.

2. Experimental section

2.2. Preparation of poly-3-alkylthiophenes

3-Alkylthiophenes were prepared by a published pro-
cedure [25] (Ni catalyzed coupling of the alkyl Grignard
with 3-bromothiophene). The purity of monomers was 3. Results and discussion
checked by'H NMR and found to be>95%. Regio-random
P3ATs were prepared by chemical oxidative coupling of 3.1. The XPS spectra of neutral and FeGbped
corresponding monomers with Fe@HCI;, according to polyalkylthiophenes
the procedure described by Sugimoto et al. [26]. Removal
of the oligomers and impurity of the obtained polymers was  The ESCA spectrum of the neutral polymer showed only
achieved by Soxhlet extraction with MeOH. The dark red carbon and sulfur peaks, indicating that there is no reaction
neutral P3AT was dried under vacuum. Dried P3AT residue left in the polymer films. However, the binding
(25 mg) was dissolved in 2.5 ml of solvent. The solutions energy of both C and S shifted irregularly when the polymer
were then cast onto a silicon wafer or a glass slide. The films were deposited on the glass substrate, due to the
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Fig. 2. The depth profile Auger concentration analysis of S, Cl and Fe in the Be@d polydodecylthiophene.

charging that occurred in the insulating samples. To avoid the counter anion for the Fe(Ciloped polymer. It is inter-
the charging problem, neutral polymers were deposited onesting to note that the surface of the Fe@bped polymer
gold substrates for ESCA measurements. The ESCA spectrdilm has a higher concentration of Cl atoms and, inside the
of FeCk doped polyalkylthiophenes showed C1s, S2p, polymer film, the Fe/Cl ratio is larger than 0.25 (the right Fe
Fe2p, Cl 2p signals and a very weak O1s peak (the oxygento Cl ratio of FeC}™). This suggested that the dedoping
came from the iron oxidant impurity produced during process (producing HCI and/or £bas [23]) occurred
doping). It was found that, after doping, the binding energy immediately after the polymer film was removed from the
of Cls and S2p had shifted to higher energy (284.6, oxidant solution and exposed to air.

163.6 eV) compared to those of neutral polymers (284.4,

163.2 eV) (Fig. 1), suggesting that both carbon and sulfur

were oxidized. In other words, the positive charges of polar- 3.2. The XPS studies on the dedoping process of #eCl

ons and bipolarons on the polymer backbone were distrib- doped polyalkylthiophenes

uted on both carbon and sulfur atoms. In the literature,

considerable discrepancies were found in the photoelectron The ESCA spectra were taken on both partially and
spectroscopic data of doped polyalkylthiophenes. Moham- totally dedoped polymer films. The partially dedoped poly-
mad [28] suggested that the positive charges of p-dopedmer film is the doped film that has stayed in the ambient
polythiophenes were largely located on the carbon atoms.atmosphere at room temperature for one day. As the dedop-
On the other hand, Riga et al. [29] argued that in the ing proceeded, the binding energies of C1s and S2p shifted
oxidized state, both carbon and sulfur atoms in oxidized to lower energy gradually, see Fig. 1, indicating the reduc-
polythiophenes were positively polarized. We also found tion of both carbon and sulfur atoms. Unfortunately, due to
that both the carbon and sulfur atoms were oxidized when the weak and broad signals of iron, it is difficult to reveal the
the polymer backbone was doped. The ESCA spectra of theredox reactions of F€ in FeCk™. Depth profile ESCA
fully doped polymer films showed no observable Epeak, analyses, Fig. 3, of the just doped, partially and totally
suggesting that Fe¢t is the only counter anion in Fegl dedoped P3ATs showed that the Fe atoms were homo-
doped polyalkylthiophenes. However, due to the small geneously distributed on the polymer films, and no migra-
difference in the binding energies of Feand Fé&? ions, tion and aggregation of Fe atoms occurred during dedoping.
whether the F&” ions existed in the fully doped polymer The ESCA data also showed that the concentration of Cl
films or not remained uncertain. Depth profile Auger analy- atoms decreased as the dedoping reaction proceeded,
sis, Fig. 2, of the doped polymer showed that both the Fe andconsistent with what had been reported [23] previously,
Cl atoms (with the Fe/Cl mole ratio of.30 = 0.05) were that FeC}~ reacted with HO to form HCI gas and iron
rather evenly distributed on the whole polymer film, indicat- complexes during dedoping. It is worth noting here that
ing homogeneous doping. There is an uncertainty as tothe totally dedoped polyalkylthiophene films contain almost
whether Ct~ or FeCﬁ’ is the counter anion of Fegl no Cl atoms. This indicated that no chlorination reaction on
doped polythiophenes [30—-35]. Our ESCA results the polymer backbone occurred in the doping and dedoping
supported the conclusion that F§Clon was most probably  reactions.
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Fig. 3. The depth profile ESCA analyses of the Reftiped polydodecylthiophenes: (a) just doped; (b) dedoped for one day; (c) totally dedoped.
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Fig. 4. The SEM micrographs of polydodecylthiophenes: (a) doped with ADBICN; (b) doped with AUGICH3NO,.

3.3. XPS spectra of Augtloped polyalkylthiophenes water in solution) was found on the surface of the AYCI
CHsCN doped polymer (Fig. 4a). Unfortunately, Auions
Both nitromethane and acetonitrile can be used aswere easily reduced to Au metal during the ESCA analysis,
solvents for AuCJ. The binding energy of Cls and S2p, and itis difficult to distinguish between metal gold and gold
as well as the degree of doping in the AgCH;CN ions by ESCA studies. Therefore, the exact stoichiometry of
doped polymer films, was very similar to that of the the counter anion of the AugHoped polymers cannot be
FeCE/CH;NO, doped polymer. However, when GNO, calculated from the ESCA data. Nevertheless, the counter
was used as a solvent, after doping for 10 min using a anions of the doped polymers were proved to be Au®ly
0.1 M AuCl; solution, an overlay of gold metal was formed, the UV/Vis/NIR spectrum [37,38] which has the
as observed on the SEM micrographs (Fig. 4b). Thd Au absorption peaks at 232 and 324 nm (Fig. 5b). In
particles deposited on the AWBTH;NO, doped polymers  spite of the differences in the morphology of the
was formed by the disproportionation [36] of Ations as gold particles, the AuGICH;NO, doped polymers
well as the reduction of Al? ions (by ambient water) in  and the AuUCJ/CHsCN doped polymers showed a simi-
solution. On the other hand, since €N is a better ligand  lar dedoping mechanism (vide infra). Therefore, the
for gold ions than CENO,, only a small amount of Au  AuCIly/CH;NO, doped polymer films were used for
grains (probably from the reducing of Atiions by ambient  studying the dedoping process.

Absorbance

T T T T T T T T T
500 1000 1500 2000 2500
Wavelength(nm)

Fig. 5. UV/Vis/NIR spectra of: (a) neutral polydodecylthiophene; (b) Awf@ped polydodecylthiophene; (c) partially dedoped polydodecylthiophene.
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Fig. 6. The depth profile ESCA analyses of the Au@bped polydodecylthiophenes: (a) just doped; (b) dedoped for three days; (c) totally dedoped.

3.4. The XPS studies on the dedoping process of AuCl The reaction of the counter anions Ag€was quite inter-

doped polyalkylthiophenes esting. It was found that the Ad ions in AuCl® were
reduced to All during dedoping. As mentioned above, we

The binding energies of C1s and S2p on the Awddped are not able to distinguish Au metal from Alions with the
polymer decreased as the dedoping proceeded, which wa€ESCA spectra, due to the self-redox reaction betweeffAu
similar to what was observed in the Fg@bped polymer. and CI'" ions that occurred under the excitation with an
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Fig. 7. The depth profile binding energy analyses of C1s and S2p of the
AuCly/CH3;NO, doped polydodecylthiophene after standing in ambient
atmosphere for three days: (a) on the surface; (b) S@eheath surface;
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surface.

X-ray beam. Nevertheless, the reduction of Aions can

5845

moved toward the surface of the polymer film, as revealed
by the depth profile ESCA analyses, Fig. 6. The results
showed that an overlay gold metal was formed on the
surface of the polymer and this gold layer became thick
during dedoping. In Fig. 6, we also observed that the
concentration of Cl atoms decreased as the dedoping
proceeded. The decrease of the ClI concentration indicated
that HCI (and/or GJ) gas was also produced and released out
of the polymer film during dedoping in the AuCtioped
polymer.

It is valuable to know whether the dedoping process
occurred on the surface then went through the inside of
the polymer film or it occurred on the whole film
simultaneously. Depth profile chemical shift analysis of
Cls and S2p on the partially dedoped polymer film was
undertaken to reveal this question. It was found that the
binding energies of C1s and S2p did not change through
the whole film, (Fig. 7). This result suggested that the
dedoping process occurred simultaneously and homoge-
neously on the entire polymer film.

3.5. The morphologies of polyalkylthiophenes after
dedoping

The change in morphology of the Fg@oped polymer
filmsis shown in Fig. 8. The SEM micrographs revealed that
the surface of the Fegldoped polymer film became
relatively rough after dedoping. It was known that when
polyalkylthiophene films dedoped, HCI gas was produced
and released out of polymer films. The rapid dedoping of the
FeCk doped polymer produced a large amount of HCl gas in
a short period of time. The HCI gas released from the poly-
mer film caused the damage to the film surface, resulting in

be evidenced by the disappearance of the UV/Vis absorptiona rough morphology. On the other hand, the Au@ped
at 232 and 324 nm and a new peak at ca 530 nm (the absorppolyalkylthiophenes also released HCI (and/or)Clas

tion of small metallic gold particles [39]) sprouted (Fig. 5).
Furthermore, the AL ions reduced to Au metal and then

Just doped

during dedoping, however, at the same time,*Aions
were reduced to Aliand moved toward the surface. The

18um

After dedoping

Fig. 8. The SEM micrographs of the Fg@oped polydodecylthiophene: (a) just doped; (b) totally dedoped.
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surface of the dedoped polymer films was covered with gold [4] Yoshino K, Love P, Onoda M, Sugimoto R. Jpn J Appl Phys

metal and no pinhole was observed.

4. Conclusions

The dedoping of conducting polyalkylthiophenes was [
the reversible process of doping. The XPS data revealed

1989;28:L.490.
[5] Yoshino K, Nakao K, Sugimoto R. J Appl Phys 1989;28:1.490.
[6] Leclerc M, Diaz FM, Wegner G. Makromol Chem 1989;190:3105.
[7] Zerbi G, Chierichetti B, Inganas O. J Phys Chem 1991;94:4646.
[8] Roux C, Bergeron JY, Leclerc M. Makromol Chem 1993;194:869.
[9] Wang Y, Rubbner MF. Macromolecules 1992;25:3284.
10] Pei Q, Jarvainen H, Osterholm JE, Inganas O, Laasko J. Macro-
molecules 1992;25:4297.

the redox chemistry of both carbon and sulfur atoms on [11] Daoust D, Leclerc M. Macromolecules 1991;24:455.
the polymer backbone and the reaction of the counter anions[12] Wang Y, Rubbner MF. Synth Met 1990;39:153.

during dedoping. It was found that both carbon and sulfur
atoms on the polymer backbone were oxidized in the doping

[13] Ciprelli JL, Clarisse C, Delabouglise D. Synth Met 1995;74:217-22.
[14] Loponen MT, Taka T, Laakso J, Vakiparta K, Sunronen K, Valkeinen
P, Osterholm JE. Synth Met 1991;41:479-84.

process and reduced when the doped polymer films [15] Magnoni MC, Gallazzi MC, Zerbi G. Acta Polym 1996;47:228—33.
dedoped. Depth profile ESCA analyses showed that the[16] Andersson MR, Pei Q, Hjertberg T, Inganas O, Wennerstrom O,

dedoping reactions occurred simultaneously and homo-
geneously through the whole polymer films regardless of

the dopants. The counter anion Fg€teacted with water
to form HCI and iron complexes. HCI gas released from
the polymer films and iron complexes were distributed

homogeneously throughout the polymer films. Neverthe-

less, AU ions in AuCl' were reduced to Al and
moved toward the surface, forming a gold overlay on the
surface of the polymer film. No Cl atoms were found on the
totally dedoped polymer film indicating that no chlorination

Osterholm JE. Synth Met 1993;55:1227-31.

[17] Taka T. Synth Met 1993;57:4985-90.

[18] Wang Y, Rubbner MF. Synth Met 1990;39:153.

[19] Yoshino K, Morita S, Uchida M, Muro K, Kawai T, Ohmori Y. Synth
Met 1993;55/57:28.

[20] Horowitz G, Yassar A, Bardeleben HJ. Von. Synth Met 1994;63:245—
52.

[21] PeiQ, Inganas O, Gustaffson G, Granstrom M, Anderson M, Hjerberg
T, Wennerstorm O, Osterholm JE, Laakso J, Jarvinen H. Synth Met
1993;55/57:1221.

[22] Ciprelli JL, Clarisse C, Delabouglise D. Synth Met 1995;74:217-22.

[23] Wu CG, Chan MJ, Lin YC. J Mater Chem 1998;8:2657—61.

reaction occurred on the polymer backbone during doping [24] Abdou MSA, Holdcroft S. Chem Mater 1994;6:962-8.

and dedoping. Understanding the doping and dedoping

mechanism of polyalkylthiophenes may provide clues to
search for other high performance dopants.
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