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An Air-stable Low Bandgap n-Type Organic Polymer Semiconductor 
Exhibiting Selective Solubility in Fluorous Solvents** 

Youhei Takeda, Trisha L. Andrew, Jose M. Lobez, A. Jolene Mork, and Timothy M. Swager*

Over the past few decades, intense research efforts have been 
dedicated to developing solution-processable conjugated polymer 
semiconductors (CPSs).[1] CPSs have the potential to realize the 
low-cost and solution-based fabrication of large-area optoelectronic 
devices,[2] such as photovoltaic cells (PVCs),[3] organic light-
emitting diodes (OLEDs),[4] and organic field effect transistors 
(OFETs).[5] Although numerous examples of p-type (hole-
transporting) CPSs have been reported, air-stable and soluble n-type 
(electron-transporting) CPSs are still very limited in scope.[6] In this 
regard, the incorporation of fluorine substituents into p-type 
semiconductors has emerged as a promising strategy to gain access 
to n-type polymer semiconductors.[7] The highly electron-
withdrawing nature of fluorine increases the electron affinity (EA), 
which is essential for smooth electron injection and stabilization of 
the resulting radical anions. In addition, the incorporation of highly 
fluorinated alkyl chains is effective for enhancing the air- and 
thermal stability due to the formation of kinetic barriers against the 
diffusion of O2 and/or H2O into the semiconductor films.[8] 
Furthermore, CPSs containing highly fluorinated side-chains can 
have the advantage of orthogonal solubility: they are soluble in 
fluorous solvents[9] but insoluble in common organic solvents. This 
feature would allow for orthogonal processing of optoelectronic 
devices with multi-layered configurations, in which successive layer 
deposition is required, while keeping the underlying polymer layers 
intact.[10] Herein we report the synthesis of a highly fluorinated 
conjugated polymer, poly(2,3-bis(perfluorohexyl)thieno[3,4-
b]pyrazine) (PPFHTP, Figure 1a), on the first fluorinated version of  

poly(thieno[3,4-b]pyrazine)s (pCnTPs),[11,12] which are low bandgap 
polymers.[13] The fluorinated polymer exhibited selective solubility 
in fluorous solvents, high air- and thermal stability, high EA, 
electrochemical n-doping behavior, and a low bandgap. Moreover, 
OFET devices containing PPFHTP were fabricated and exhibited n-
channel FET characteristics.  
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Figure 1. a) Chemical Structure of PPFHTP; b) PPFHTP dissolved in 

FC-77 (n-C8F18) (lower phase, blue) and not dissolved in the upper 

phase (1) acetone, (2) chloroform, (3) hexane and (4) water. 

The synthetic route to PPFHTP is outlined in Scheme 1. The 
double addition of in situ generated perfluorohexyllithium to imino-
carbons in the presence of BF3·OEt2

[14] was found applicable to 
thieno[3,4-b]pyrazine (1),[15] which gave doubly perfluoroalkylated 
tetrahydrothienopyrazine 2 in 60% yield. Subsequent oxidative 
aromatization of 2 with an excess amount of N-bromosuccinimide (6 
equiv) gave dibromothienopyrazine 3 in excellent yield (91%). 
Since monomer 3 is highly soluble in common solvents, it could be 
purified by column chromatography on neutral alumina with hexane 
as an eluent. Thienopyrazine 3 emits orange fluorescence both in 
solution (λem

max 562 nm, Φf 0.31 in CHCl3) and in the solid state 
(Figures S1 and S2). Compared to the photophysical properties of 
thieno[3,4-b]pyrazine (λem

max 472 nm, Φf 0.0051 in CH3CN) and 
2,3-dihexylthieno[3,4-b]pyrazine (λem

max 465 nm, Φf 0.0015 in 
CH3CN),[16] monomer 3 exhibited a remarkably red-shifted λem

max, 
and a high emission quantum yield. The red-shifted λem

max is 
attributable to an n–π* transition, and the high quantum yield is 
most likely due to suppression of intermolecular π–π stacking by the 
rigid and bulky perfluoroalkyl side chains.[17] Recently, it was 
demonstrated that a fluorous biphase solvent system is effective for 
the synthesis of highly fluorinated conjugated polymers.[18] Using 
this strategy, a cross-coupling polycondensation reaction using 
hexamethylditin[19] in a fluorous three-solvent system (THF : NMP : 
perfluoro(methylcyclohexane) 2 : 1 : 2 v/v) was found to provide 
PPFHTP as a dark-blue solid. The resulting polymer showed 
exclusive solubility in fluorous solvents, such as perfluorooctane 
(FC-77), perfluoro(methylcyclohexane), and perfluorodecalin, 
whereas it was insoluble in water and common organic solvents, like 
acetone, chloroform, and hexane (Figure 1b). Taking advantage of 
its orthogonal solubility, the crude product was easily purified by 
liquid-to-liquid extraction with FC-77, followed by Soxhlet washing 
with hexane, acetone, and chloroform to give pure PPFHTP in 78% 
yield. The fluorine content of the polymer was found to be 65.5 wt%, 

[∗] Dr. Y. Takeda,
[+]

 Dr. J. M. Lobez, A. J. Mork, and Prof. Dr. 

T. M. Swager 

Department of Chemistry, Massachusetts Institute of 

Technology, 77 Massachussetts Avenue, Cambridge, 

Massachusetts 02139 (USA) 

E-mail: tswager@mit.edu 

Homepage: http://web.mit.edu/tswager/www/ 

 Dr. T. L. Andrew  

Department of Computer Science and Electrical 

Engineering, Massachusetts Institute of Technology 

77 Massachussetts Avenue, Cambridge, Massachusetts 

02139 (USA) 

[+] Current address: Frontier Research Base for Global Young 

Researchers and Department of Applied Chemistry, 

Graduate School of Engineering, Osaka University 

Yamadaoka 2-1, Suita, Osaka 565-0871 (Japan) 

 [∗∗] The authors thank the Eni-MIT Solar Frontiers Center for 

equipment use. This work was supported as part of the 

Center for Excitonics, an Energy Frontier Research Center 

funded by the U.S. Department of Energy, Office of 

Science, Office of Basic Energy Sciences under Award 

Number DE-SC0001088. 

 Supporting information for this article is available on the 

WWW under http://www.angewandte.org 



 2 

in good agreement with the calculated value, so this polymer can be 
considered “heavily” fluorous.[9] 
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Scheme 1. Synthesis of PPFHTP 

Thermogravimetric analysis (TGA) of PPFHTP under air 
showed a high starting decomposition temperature (Td, 5 wt% loss) 
of 337 °C (Figure S3), indicating the high air- and thermal stability 
of the fluorinated polymer. Differential scanning calorimetry (DSC) 
analysis indicated no drastic thermal transitions, implying the 
absence of mesophase formation (Figure S4). To understand the 
microstructure of the polymer, the X-ray diffraction spectrum of the 
polymer film was measured. Although various samples grown from 
various fluorous solutions such as FC-77 and perfluorobenzene were 
used for the measurements, distinctive reflection patterns were not 
detected at all except for a broad halo peaks in the 2θ region ranging 
from 27 to 30˚ which was the strongest for the samples cast from 
perfluorobenzene solutions, indicating that the fluorinated polymer 
samples had amorphous structures. 

Figure 2a shows the UV-vis-NIR absorption spectra of a dilute 
solution of PPFHTP in FC-77  (black line) and of a thin film 
deposited on a glass substrate (blue line). Although the λmax is 
observed at 1100 nm in both cases, thin films of PPFHTP show a 
broad and structureless peak compared to solution samples. The 
optical band-gap (Eg

opt) estimated from the absorption onset 
（λonset） of the thin film was found to be 0.87 eV. This is even 
lower than that of the corresponding non-fluorinated counterpart of 
PPFHTP, poly(2,3-dihexylthieno[3,4-b]pyrazine) (pC6TP, Eg

opt 
0.93 eV), which is prepared by Grignard metathesis (GRIM) 
polymerization.[11a]  
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Figure 2. a) UV-vis-NIR absorption spectra of PPFHTP in dilute FC-

77 solution (black line) and as a thin film deposited on a glass 

substrate (blue line). b) Cyclic voltammogram of a thin film of 

PPFHTP deposited on ITO-coated glass (7 × 50 × 0.9 mm, 8–12 Ω 

cm
–1

) in a CH3CN solution of Bu4NPF6 (0.1 M) measured at a 

scanning rate of 10 mV/s. 

The comparatively lower bandgap of PPFHTP versus pC6TP 
can be ascribed to the contribution of a stabilized quinoid resonance 
structure to the HOMO of the fluorinated polymer.[20] This was 
confirmed through calculations (DFT, B3LYP/6-31G(d)) performed 
on oligomeric thieno[3,4-b]pyrazines containing CF3 substituents 
(CF3TPn, n = 1–4). The optimized ground-state structure of tetramer 
CF3TP4 was found to be nearly planar (Figure 3a and b; the inter-

ring torsional angles varies from 2.86˚ to 6.96˚),[21] and little bond 
length alternation (between 0.012 to 0.054 Å)[22] was observed along 
the tetramer backbone (Figure 3c). Furthermore, the CF3C=N bond 
lengths of the tetramer were 1.30–1.31 Å, which are closer in value 
to those of localized C=N bonds (1.28 Å)[23] than the C=N bond 
lengths typically observed in thieno[3,4-b]pyrazines (1.35–1.36 Å). 
These results indicate that the maximized conjugation of CF3TP4 is 
due to the quinoid valence tautomeric form. 
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Figure 3. a) Top view and b) side view of the optimized geometry of 

CF3TP4; c) Bond length plots of the optimized CF3TP4; d) Excitation 

energy plots against the reciprocal numbers of monomer unit for 

CF3TPn. 

Estimating that PPFHTP is equivalent to CF3TPn (n = ∞), the 
theoretical bandgap (Eg

cal) of the polymer is found to be 0.63 eV by 
extrapolating linear plots of the excitation energy (calculated by 
TD–DFT )[12a] versus reciprocal number of monomer units (Figure 
4d). The 0.24 eV discrepancy between Eg

cal and the observed optical 
bandgap (Eg

opt) of PPFHTP films could be due to the difference in 
fluoroalkyl chain length (CF3 vs. C6F13), or the result of effective 
conjugation length saturation.  

The electrochemical behaviour of PPFHTP was investigated by 
cyclic voltammetry, using a dip-coated thin-film of PPFHTP on 
ITO glass as the working electrode (Figure 2b). Notably, a sharp, 
reversible reduction peak was observed at –0.34 V (vs. SCE). The 
EA estimated from the reduction onset potential[24] is calculated to 
be 4.12 eV, which is much higher than that of pC6TP (ca. 3.2 
eV)[11c] and comparable to those of well-known electron 
transporting compounds, such as PCBM (4.2 eV)[3d] and BBL (4.0 
eV).[25] The royal blue PPFHTP film is observed to reversibly 
change color to deep purple upon n-doping (Figure S5), thus 
suggesting that the electron-injected state is stabilized (presumably 
due to the strong electron-withdrawing effect of the perfluoroalkyl 
side chains). Conventional low-bandgap conjugated polymers have 
reportedly suffered from over-oxidation due to the low ionization 
potential (IP) of the valence bands ranging from 0.1 to 0.5 V while 
that for PPFHTP being larger than 0.79 V, leading to chemical 
degradation of the polymers. For example, Rasmussen et al. reported 
that over-oxidation of alkyl-substituted pCnTPs begins at 0.9 V.[11c] 
Contrary to pCnTPs, PPFHTP did not show oxidative degradations 
in the p-doping cycles (Figure 2b), although the p-doping/dedoping 
process was electrochemically irreversible,[26] demonstrating the 
validity of incorporating fluoroalkyl chains into low bandgap 
polymers to enhance their electrochemical stability. Due to the 
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electrochemical irreversibility of oxidative doping, an accurate IP 
for PPFHTP cannot be determined by cyclic voltammetry. Thus, an 
upper and lower range for the electrochemical bandgap (Eg

ech) was 
estimated: the value of Eg

ech has to be higher than the difference 
between the reduction potential of the oxidized polymer (0.592 V) 
and the onset reduction potential of the neutral polymer (–0.278 V); 
additionally the value of Eg

ech has to be lower than the difference 
between the onset oxidation potential of the neutral polymer (0.792 
V) and the onset reduction potential of the neutral polymer (–0.278 
V). These upper and lower limits reveal that Eg

ech lies between 0.87 
and 1.07 eV. The slightly higher value of Eg

ech than Eg
opt can be 

explained by the fact that Eg
opt corresponds to the energy required to 

form a tightly-bound exciton, whereas Eg
ech corresponds to the 

energy required to form free charge carriers (Eg
opt plus the exciton 

binding energy).[27] It should be noted that the electrochemical 
behaviour was also strongly dependent on film preparation methods. 
Whereas films prepared by dip-coating from FC-77 clearly 
demonstrated reversible reduction peaks, films prepared by other 
methods, such as spin-coating or drop-casting from 
hexafluorobenzene, did not give reproducible results. These 
observations imply that the morphology and, as a result, the band 
structure of the fluorinated polymer drastically changes with film 
preparation conditions.  

To characterize the performance of PPFHTP as an n-type 
polymer semiconductor, top-gated OFETs with a poly(methyl 
methacrylate) (PMMA) gate dielectric, aluminum gate electrode, 
and gold source/drain bottom contacts were fabricated (Figure 4a). 
PPFHTP clearly exhibited n-channel conduction and negligible 
source-drain current under p-channel operation (Figure 4b). The 
saturation-regime electron mobility (µe) was measured to be 
2.15×10–6 cm2/Vs. Notably, the OFET device that had been stored 
under ambient conditions for one month showed no significant 
changes in n-channel transfer characteristics (Figure S6), 
demonstrating the high air-stability of PPFHTP as a n-type material. 
However, “electron-only” devices containing PPFHTP (Figure S7) 
revealed µe of 4.1×10–5 cm2/Vs in the space-charge limited current 
(SCLC) regime. These results, combined with the aforementioned 
X-ray diffraction studies, suggest that the relatively low µe measured 
in top-gated OFETs can be ascribed to unfavourable polymer 
morphology within the lateral source-drain conduction channel. 
Further investigations into optimizing electron transport in 
PPFHTP by changing film morphology are currently underway.   
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Figure 4. a) OFET architecture; b) Output curves, and c) Transfer 

curves of the OFET device. 

In conclusion, we have successfully synthesized perfluoroalkyl-

substituted pCnTPs (PPFHTP), which showed exclusive solubility 
in fluorous solvents. This n-type polymer semiconductor can be 
used for the multi-layered processing of organic based electronic 
devices. Further elaboration aimed at applying the unique polymer 
to orthogonally processed organic photovoltaic devices is ongoing in 
our laboratory. 

Received: ((will be filled in by the editorial staff)) 

Published online on ((will be filled in by the editorial staff)) 

Keywords: fluorine · heterocycles · low bandgap polymers · 

perfluorinated solvents · semiconductors 

[1] Semiconducting Polymers: Chemistry, Physics and Engineering, 2nd 

ed. (Eds.: G. Hadziioannou, G. G. Malliaras), Wiley-VCH, Weinheim, 
2007.  

[2] A. C. Arias, J. D. MacKenzie, I. McCulloch, J. Rivnay, A. Salleo, 
Chem. Rev. 2010, 110, 3–24. 

[3] a) H. Zhou, L. Yang, W. You, Macromolecules 2012, 45, 607–632; b) 
A. Facchetti, Chem. Mater. 2011, 23, 733–758; c) Y.-J. Cheng, S.-H. 
Yang, C.-S. Hxu, Chem. Rev. 2009, 109, 5868–5923; d) B. C. 
Thompson, J. M. J. Frechét, Angew. Chem. 2007, 120, 62–82; Angew. 

Chem. Int. Ed. 2008, 47, 58–77; e) H. Hoppe, N. S. Sariciftci, Adv. 

Polym. Sci. 2008, 214, 1–86; f) S. Gunes, H. Neugebauer, N. S. 
Sariciftci, Chem. Rev. 2007, 107, 1324–1338.  

[4] a) A. C. Grimsdale, K. L. Chan, R. E. Martin, P. G. Jokisz, A. B. 
Holmes, Chem. Rev. 2009, 109, 897–1091; b) A. Kraft, A. C. 
Grimsdale, A. B. Holmes, Angew. Chem. 1998, 110, 416–443; Angew. 

Chem. Int. Ed. 1998, 37, 402–428. 
[5] a) S. Allard, M. Forster, B. Souharce, H. Thiem, U. Scherf, Angew. 

Chem. 2008, 120, 4138–4167; Angew. Chem. Int. Ed. 2008, 47, 4070–
4098; b) A. R. Murphy, J. M. J. Frechét, Chem. Rev. 2007, 107, 1066–
1096. 

[6] a) D. Izuhara, T. M. Swager, J. Am. Chem. Soc. 2009, 131, 17724–
17725; b) H. Yan, Z. Chen, Y. Zheng, C. Newman, J. R. Quinn, F. 
Dötz, M. Kastler, A. Facchetti, Nature 2009, 457, 679–686; c) Z. 
Chen, Y. Zheng, H. Yan, A. Facchetti, J. Am. Chem. Soc. 2009, 131, 
8–9; d) H. Usta, C. Risko, Z. Wang, H. Huang, M. K. Deliomeroglu, 
A. Zhukhovitskiy, A. Facchetti, T. J. Marks, J. Am. Chem. Soc. 2009, 
131, 5586–5608; e) H. Usta, A. Facchetti, T. J. Marks, J. Am. Chem. 

Soc. 2008, 130, 8580–8581.  
[7] a) M. L. Tang, Z. Bao, Chem. Mater. 2011, 23, 446–455; b) F. 

Babudri, G. M. Farinola, F. Naso, R. Ragni, Chem. Commun. 2007, 
1003–1022 and references cited therein. 

[8] a) A. S. Molinari, H. Alves, Z. Chen, A. Facchetti, A. F. Morpurgo, J. 

Am. Chem. Soc. 2009, 131, 2462–2463; b) M.-H. Yoon, S. A. 
DiBenedetto, M. T. Russell, A. Facchetti, T. J. Marks, Chem. Mater. 
2007, 19, 4864–4881; c) M.-H. Yoon, S. A. DiBenedetto, A. Facchetti, 
T. J. Marks, J. Am. Chem. Soc. 2005, 127, 1348–1349; d) S. Ando, R. 
Murakami, J. Nishida, H. Tada, Y. Inoue, S. Tokito, Y. Yamashita, J. 

Am. Chem. Soc. 2005, 127, 14996–14997; e) B. A. Jones, M. J. 
Ahrens, M.-H. Yoon, A. Facchetti, T. J. Marks, M. R. Wasielewski, 
Angew. Chem. 2004, 116, 6523–6526: Angew. Chem. Int. Ed. 2004, 
43, 6363–6366; f) A. Facchetti, J. Letizia, M.-H. Yoon, M. Mushrush, 
H. E. Katz, T. J. Marks, Chem. Mater. 2004, 16, 4715–4727; g) A. 
Facchetti, M.-H. Yoon, C. L. Stern, G. R. Hutchison, M. A. Ratner, T. 
J. Marks, J. Am. Chem. Soc. 2004, 126, 13480–13501; h) A. Facchetti, 
M. Mushrush, M.-H. Yoon, G. R. Hutchison, M. A. Ratner, T. J. 
Marks, J. Am. Chem. Soc. 2004, 126, 13859–13874; i) A. Facchetti, M. 
Mushrush, H. E. Katz, T. J. Marks, Adv. Mater. 2003, 15, 33–38; j) A. 
Facchetti, Y. Deng, A. Wang, Y. Koide, H. Sirringhaus, T. J. Marks, 
R. H. Friend, Angew. Chem. 2000, 112, 4721–4725; Angew. Chem. Int. 

Ed. 2000, 39, 4547–4551; k) H. E. Katz, J. Johnson, A. J. Lovinger, W. 
Li, J. Am. Chem. Soc. 2000, 122, 7787–7792; l) H. E. Katz, A. J. 
Lovinger, J. Johnson, C. Kloc, T. Siegrist, W. Li, Y.-Y. Lin, A. 
Dodabalapur, Nature 2000, 404, 478–481. 

[9] Handbook of Fluorous Chemistry (Eds.: J. A. Gladysz, D. P. Curran, I. 
T. Horváth), Wiley-VCH, Weinheim, 2004. 

[10] a) H. H. Fong, J.-K. Lee, Y.-F. Lim, A. A. Zakhidov, W. W. H. Wong, 



 4 

A. B. Holmes, C. K. Ober, G. G. Malliaras, Adv. Mater. 2011, 23, 
735–739; b) J.-K. Lee, H. H. Fong, A. A. Zakhidov, G. E. McCluskey, 
P. G. Taylor, M. Santiago-Berrios, H. D. Abruña, A. B. Holmes, G. G. 
Malliaras, C. K. Ober, Macromolecules 2010, 43, 1195–1198. 

[11] For reports on poly(thieno[3,4-b]pyrazine)s, see: a) L. Wen, B. C. 
Duck, P. C. Dastoor, S. C. Rasmussen, Macromolecules 2008, 41, 
4576–4578; b) J. P. Nietfeld, C. L. Heth, S. C. Rasmussen, Chem. 

Commun. 2008, 981–983; c) D. D. Kenning, S. C. Rasmussen, 
Macromolecules 2003, 36, 6298–6299; d) A. J. Hagan, S. C. Moratti, I. 
C. Sage, Synth. Met. 2001, 119, 147–148; e) J. Kastner, H. Kuzmany, 
D. Vegh, M. Landl, L. Cuff, M. Kertesz, Macromolecules 1995, 28, 
2922–2929; f) M. Huskić, D. Vanderzande, J. Gelan, Synth. Met. 1999, 
99, 143–147; g) J. Kastner, H. Kuzmany, D. Vegh, M. Landl, L. Cuff, 
M. Kertesz, Synth. Met. 1995, 69, 593–594; h) R. Asselt, I. 
Hoogmartens, D. Vanderzande, J. Gelan, P. E. Froehling, M. Aussems, 
O. Aagaard, R. Schellekens, Synth. Met. 1995, 74, 65–70; i) M. 
Pomerantz, B. Chaloner-Gill, L. O. Harding, J. J. Tseng, W. J. 
Pomerantz, Synth. Met. 1993, 55, 960–965; j) M. Pomerantz, B. 
Chaloner-Gill, L. O. Harding, J. J. Tseng, W. J. Pomerantz, J. Chem. 

Soc. Chem. Commun. 1992, 1672–1673. 
[12] For theoretical studies on poly(thieno[3,4-b]pyrazine)s, see: a) O. 

Kwon, M. L. McKee, J. Phys. Chem. A 2000, 104, 7106–7112; b) P. 
Otto, J. Ladik, Synth. Met. 1990, 36, 327–335; c) K. Nayak, D. S. 
Marynick, Macromolecules 1990, 23, 2237–2245. 

[13] For reviews on low bandgap conducting polymers, see: a) S. C. 
Rasmussen, R. L. Schwiderski, M. E. Mulholland, Chem. Commun. 
2011, 47, 11394–11410; b) E. Bundgaard, F. C. Krebs, Sol. Energy 

Mater. Sol. Cells. 2007, 91, 954–985; c) J. Roncali, Macromol. Rapid 

Commun. 2007, 28, 1761–1775; d) S. C. Rasmussen, M. Pomerantz, 
in Handbook of Conducting Polymers, 3rd ed., Vol. 1 (Eds.: T. A. 
Skotheim, J. R. Reynolds), CRC Press, Boca Raton, 2007, Chapter 12; 
e) C. Winder, N. S. Sariciftci, J. Mater. Chem. 2004, 14, 1077–1086; 
f) J. Roncali, Chem. Rev. 1997, 97, 173–206. 

[14] H. Uno, H. Suzuki, Synlett 1993, 91–96. 
[15] For modified synthetic methods for thieno[3,4-b]pyrazine, see: a) L. 

Wen, J. P. Nietfeld, C. M. Amb, S. C. Rasmussen, J. Org. Chem. 2008, 

73, 8529–8536; b) D. D. Kenning, K. A. Mitchell, T. R. Calhoun, M. 
R. Funfar, D. J. Sattler, S. C. Rasmussen, J. Org. Chem. 2002, 67, 
9073–9076. 

[16] S. C. Rasmussen, D. J. Sattler, K. A. Mitchell, J. Maxwell, J. Lumin. 
2004, 109, 111–119. 

[17] a) T. P. Russell, J. F. Rabolt, R. J. Twieg, R. L. Siemens, B. L. Farmer, 
Macromolecules 1986, 19, 1135–1143; b) V. Percec, D. Schlueter, Y. 
K. Kwon, J. Blackwell, M. Moller, P. J. Slangen, Macromolecules 
1995, 28, 8807–8818. 

[18] J. Lim, T. M. Swager, Angew. Chem. 2010, 122, 7648–7650; Angew. 

Chem. Int. Ed. 2010, 49, 7486–7488. 
[19] T. Yasuda, Y. Sakai, S. Aramaki, T. Yamamoto, Chem. Mater. 2005, 

17, 6060–6068. 
[20] J. L. Brédas, A. J. Heeger, F. Wudl, J. Chem. Phys. 1986, 85, 4673–

4678. 
[21] The optimized structures for all oligomers are available in the 

Supporting Information. 
[22] M. Kertesz, C. H. Choi, S. Yang, Chem. Rev. 2005, 105, 3448–3481. 
[23] CRC Handbook of Chemistry and Physics (Eds.: D. R. Lide, H. P. R. 

Frederikse), CRC Press, Boca Raton, 1995. 
[24] Y. Cui, X. Zhang, S. A. Jenekhe, Macromolecules 1992, 32, 3824–

3826. 
[25] M. M. Alam, S. A. Jenekhe, Chem. Mater. 2004, 16, 4647–4656. 
[26] We classify the p-doping of PPFHTP to be electrochemically 

irreversible since a 300 mV overpotential is required to dedope the 
oxidized polymer film. Concurrently, we note that the integrated 
current values for the p-doping and dedoping processes are equivalent, 
thus confirming that p-doping does not chemically degrade the film.  

[27] Systematic studies that compare the optical and electrochemical 
bandgaps of thiophene-based polymers reveal that higher values of 
Eg

ech relative to Eg
opt are observed in most cases. See: T. Johansson, W. 

Mammo, M. Svensson, M. R. Andersson, O. Inganäs, J. Mater. Chem. 
2003, 13, 1316–1323. 

 

 

 



 5 

 

Conjugated Polymers 

 

Youhei Takeda, Trisha L. Andrew, Jose 

M. Lobez, A. Jolene Mork, and Timothy 

M. Swager* __________ Page – Page 

An Air-stable Low Bandgap n-Type 

Organic Polymer Semiconductor 

Exhibiting Selective Solubility in 

Fluorous Solvents 
A new class of air-stable n-type polymer semiconductor, poly (2,3-

bis(perfluorohexyl)thieno[3,4-b]pyrazine) (PPFHTP), is synthesized through a Pd-

catalyzed polycondensation employing a fluorous multi-phase solvent system. This 

is the first example of an n-type polymer semiconductor with exclusive solubility in 

fluorous solvents. Moreover, PPFHTP possesses a high electron affinity and low 

band gap. The fabrication of OFETs containing this new n-type polymer 

semiconductor is demonstrated.  

 

 


