Chem. Mater2006,18, 579-586 579
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The efficient synthesis of decyl-end-capped thiophepteenylene oligomers with different numbers
and positions of 1,4-phenyl rings within a 2,5-oligothiophene conjugated chain, leading to electronic-
grade pure semiconducting organic materials with improved oxidation stability, was elaborated. These
are p-type organic semiconductors, showing high charge-carrier mobilities up to @\scanmd on/off
current ratios as large as®lid organic thin-film transistors, as well as stage delays as low ag800
the integrated circuits (ring oscillators). Long decyl end chains in these oligomers havihgadhjugated
aromatic rings lead to limited solubility but improve the oligomers’ crystallinity, making them promising
semiconducting materials for organic electronic devices prepared by vapor evaporation. Investigation of
the optical properties of the oligomers showed that they have a HOM@O energy gap approximately
0.2 eV higher than that of the corresponding oligothiophenes. Electrochemical measurements revealed a
better oxidation stability of the thiopherghenylene oligomers as compared to that of their oligothiophene
analogues.

Introduction thiophene-phenylene co-oligomefsThe most important is

that such high mobility values were measured not only for

and oligomers over the last few years because of their uniqueSingle-crystal devicés® but also for some thin-film de-
semiconducting and electrooptical properties and potential Vices™" It indicates that these organic semiconductors can
applications in different electronic devices, such as organic '€ally be used in the industry for large-scale production of
thin-film transistors (OTFTs) and organic light-emitting 1€ So-called printed electronics. A prerequisite for high
diodes (OLEDs}:2 By now the major characteristics of MoPbility in thin-film devices is a high order of organic
organic semiconductoramobilities of charge carriershave  Seémiconductors’ molecules in the semiconducting layes,
outperformed the value of amorphous silicon0(5 cn# well as a high purity of the semiconducting matefial.
Vs), i.e., 8 crVs for rubrené 3—5 cn®/Vs for pentacenés However, now more and more attention is paid to the

2.4 cnd/Vs for dithiophene-tetrathiafulvalené,1.0-1.1 cn®/ environmental stability of organic semiconductors and
Vs for a,a’-dialkyloligothiophenes,and 0.66 criVs for devices based on theth!*Nowadays one can see the trend

of having more stable organic semiconductors with a slightly
* To whom correspondence should be addressed. Phone: (049) 214 30 72626 decreased mobility rather than vice versa. This work
Fax: (049) 214 30 25973. E-mail: stephan.kirchmeyer@hcstarck.com. . . . . .
N. S. Enikolopov Institute of Synthetic Polymer Materials of Russian desgrlbes a ratlon‘?‘l qu|gn and syste'matlc st.u'dy of organic
Academy of Sciences. semiconductors with improved oxidation stability based on
decyl-end-capped thiophenphenylene oligomers. It follows

There has been growing interestirconjugated polymers
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Scheme 1. Chemical Structures of ThiophenePhenylene Oligomers 3

our previous investigations, in which we showed that decyl-
end-capped:,a’-oligothiophenes have significant molecular
ordering effects induced by the long decyl end grotips,
leading to improved electrical characteristiés.

The first examples of thiopheng@henylene oligomers
were reported in 19992000 by Hotta et al Because of

1 (Dec-2T-Ph-2T-Dec)

2 (Dec-3T-Ph-3T-Dec)

3 (Dec-(TPhT),-Dec)

Experimental Section

General. The 'H NMR spectra were recorded using a Bruker
DPX 400 spectrometer equipped with a QNP probe head operating
at 400.13 MHz for!H in CDCIl; solutions unless otherwise
mentioned.

The phase transitions were studied by means of differential

their unique properties, these materials may be useful as light-scanning calorimetry (DSC) using a Mettler TA-4000 thermosystem

emitting layers in OLEDs and organic laser diodeas well

as semiconducting materials for OTFPS he synthesis and
application of other examples of thiophenghenylene
oligomers for OTFTs were recently presented by Katz éf al.,
Facchettit® and Frisbie et al® However, they used either
shorter alkyl end chains or other combinations of the phenyl
and thienyl rings in the conjugated oligomer, thus obtaining
mobility values up to 0.020.09 cn#/Vs. The present work
reports on the following: (i) efficient synthesis of a series
of decyl-end-capped thiophenghenylene oligomerd—3
(Scheme 1) with different numbers and positions of 1,4-
phenyl rings within a 2,5-oligothiophene conjugated chain;
(i) comparison of thermal, optical, and electrochemical
characteristics of the thiophenphenylene oligomers and
their oligothiophene analogues; (iii) fabrication and electrical
characterization of OTFTs and integrated circuits based on
the synthesized oligomers, with mobilities as large as 0.4
cn?/Vs, on/off current ratios as large as®18nd signal delays

as low as 30Qts (measured with ring oscillators).
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at scanning rates of 10 and 1 K/min. Sample weights were typically
chosen between 5 and 10 mg.

Fluorescence MeasuremeniBilute solutions of the oligomers
in CHCl; were prepared to obtain absorption, excitation, and
emission spectra. The extinction of the solution in the case of
excitation and emission spectra was set to altost 0.05 in a 10
mm quartz cuvette to avoid reabsorption. The absorption spectra
were recorded with a Perkin-Elmer 900 spectrometer including a
light-integrating sphere, whereas the excitation and emission spectra
were recorded with an Edinburgh FL900 spectrometer with a
0°/90° excitation-detection geometry in the cw-mode. The excitation
energies were set to the maxima of the excitation spectra.

Cyclic Voltammetry Measuremengolid compact layers of the
oligomers were made by electrostatically rubbing the materials onto
a Pt electrode (0.03 cih Measurements were made in 0.1 M4Bu
NBF, solutions in acetonitrile at different scan rates{280 V/s)
with a potentiostategalvanostate IPC-4M.

Materials. Anhydrous THF, MgBs.EO complex, Pd(dppf)-
Cl,.CH,Cl, complex2° n-butyllithium in hexane, 1,4-dibromoben-
zene, diethyl etherl N hydrochloric acid, 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (IPTMDOB), and diisopropylamine
were purchased from Sigma-Aldrich Co., and were used without
further purification. The synthesis and characterization of 2-bromo-
5-decylthiophene, 5-decyl-2;Bithiophene, and 5-decyl-2;8',5"-
terthiophene4) are described elsewhefeAll glassware was dried
before the reaction in a drybox at 10C overnight, assembled
while hot, and cooled in a stream of nitrogen.

5-Decyl-8-[4-(5'-decyl-2,2-bithien-5-yl)phenyl]-2,2'-bithio-
phene (1) was obtained as described elsewhéréd NMR (300
MHz, C;D,Cls, TMS, 9):?2 0.88 (t, 6H,J = 7.0 Hz), 1.26-1.45
(overlapped peaks, 28H), 1.68 (m, 4H), 2.79 (t, 44 7.5 Hz),
6.68 (d, 2H,J = 3.6 Hz), 6.97 (d, 2H,J) = 3.6 Hz), 6.99 (d, 2H,
J= 3.6 Hz), 7.04 (d, 2H) = 3.6 Hz), 7.05 (s, 2H). EI-MSm/e
686 (M, 100%).

(20) 1,1-Bis(diphenylphosphino)ferrocene dichloropalladium(ll) complexed
with dichloromethane (1:1).

(21) Ponomarenko, S. A.; Kirchmeyer, S.; Halik, M.; Klauk, H.; Zschi-
eschang, U.; Schmid, G.; Karbach, A.; Drechsler, D.; Alpatova, N.
M. Synth. Met2005 149 231.

(22) Obtained using a Varian Unity 300 spectrometer, equipped with a
4NUC probehead operating at 300.29 MHz #r at 90°C.
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2-(5'-Decyl-2,2:5',2"'-terthien-5-yl)-4,4,5,5-tetramethyl-1,3,2- in silica gel to yield 4.21 g of 99% pure (GC-MS) product as white
dioxaborolane (5).n-Butyllithium (2.5 M in hexane, 2.4 mL, 6.0  crystals. Reaction yield: 64%. Isolated yield: 35%. NMR (CRCI
mmol) was added to absolute THF (30 mL) a¥8 °C under TMS, d): 7.07 (t, 1H,J = 4.4 Hz), 7.29 (d, 2HJ) = 4.4 Hz), 7.48
nitrogen. A solution of 5-decyl-2,%',5"-terthiophene (2.33g,6.0  (d, 4H,J = 3.4 Hz).
mmol) in dry THF (50 mL) was then added dropwise. The reaction  1-(Thien-2-yl)-4-(5"decyl-thien-2'-yl)benzene (7).Under ni-
mixture was stirred fol h at—78 °C; the bath was then removed, trogen, a solution of 2_bromo_5_decy|thiophene (637 g, 21 mmo|)
and the temperature was allowed to rise to°C0 After that, the in anhydrous diethyl ether (30 mL) was slowly added dropwise to
reaction mixture was cooled again 678 °C, and 2-isopropoxy-  a suspension of magnesium (530 mg, 22 mmol) in anhydrous diethy!
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.30 g, 1.4 mL, 7.0 mmol) ether (5 mL). The Grignard reaction started with the help of a few
was added in one portion via syringe. The mixture was stirred for drops of 1,2-dibromoethane. The reaction mixture was refluxed for
30 min at—78 °C; the bath was then removed, and the mixture 5 h, cooled to room temperature, and transferred to the dropping
was stirred for an additioh& h while the temperature increased funnel of the second apparatus via syringe. It was added dropwise
slowly to 23°C. After that, the reaction mixture was poured into  to solution of 1-thienyl-4-bromobenzeng) (4.2 g, 18 mmol) and
300 mL of ether, and then 100 mL of iegvater mixed with 7 mL Pd(dppf)C}-CH,Cl, complex (140 mg, 0.2 mmol) in anhydrous
of 1 M HCI. The organic phase was separated, washed with water, diethyl ether (30 mL). During dropping, the temperature increased
dried over sodium sulfate, and evaporated to yield the product asfrom 15 to 28°C, and the product precipitated. The reaction mixture
a green solid. The product was then used for the next reactionswas then stirred overnight at Z&. Completion of the reaction

without purification. Yield: 3.02 g (98%)}H NMR (CDCl;, TMS, was controlled by TLC in hexane. The reaction mixture was
0): 0.88 (3H, 1,J= 6.9 Hz), 1.26-1.45 (overlapped peaks, 14H),  hydrolyzed dropwise with 10 mLfd N HCI, immediately poured
1.35 (s, 12H), 1.68 (2H, m} = 7.5 Hz), 2.79 (2H, tJ = 7.6 Hz), into 200 mL of water, and extracted with diethyl ether. The
6.68 (1H, d,J = 3.4 Hz), 6.99 (2H, ddJ; = 3.9 Hz,J, = 3.9 Hz), combined layers, containing the product as a precipitate, were
7.11 (1H, d,J = 3.9 Hz), 7.21 (1H, dJ = 3.9 Hz), 7.52 (1H, d, washed with water and filtered over glass filter G2 to get 5.61 g of
J = 3.4 Hz). EI-MS: m/e 514 (M*, 90%). white-greenish crystals. The raw product was purified by recrys-
5-Decyl-8'-[4-(5"-decyl-2,2:5', 2" -terthien-5-yl)phenyl]- tallization from chloroform. Yield: 4.83 g (72%})H NMR (CDCl;,

2,2:5',2"-terthiophene (2).A 100 mL three-necked flask equipped ~ TMS, 0): 0.88 (t, 3H,J = 7.1 Hz), 1.26-1.45 (overlapped peaks
with a magnetic stirring bar, condenser, nitrogen-inlet, and septum With max at 1.270, 14H), 1.70 (m, 2H,= 7.3 Hz), 2.82 (t, 2H)

was charged with 1,4-dibromobenzene (142 mg, 0.6 mmol), filled = 7-6 Hz), 6.75 (d, 1H) = 3.4 Hz), 7.08 (dd, 1H), = 5.1 Hz,J,

with nitrogen, put into a nitrogen-filled drybox, and charged with = 3.7 Hz), 7.15 (d, 1HJ = 3.9 Hz), 7.27 (dd, 1H);= 1.0 Hz,J,
Pd(PPh). (46 mg, 0.04 mmol). The glassware was assembled and = 4-9 Hz), 7.32 (dd, 1HJ, = 1.0 Hz,J, = 3.4 Hz), 7.57 (dd, 4H,
removed from the drybox. Solutions of compousiB65 mg, 1.68 91 = 15.2 Hz,J, = 8.3 H2).

mmol) in 20 mL of toluene and 5 mLf&® M sodium carbonate 5,5-Bis[4-(5-decyl-2-thienyl)phenyl]-2,2-bithiophene (3). n-

(aq) were prepared and deoxygenated with a stream of nitrogen.Butyllithium (2.5 M in hexane, 0.8 mL, 2.0 mmol) was added to
These solutions were added to the reaction vessel, and the mixtureabsolute THF (20 mL) at-78 °C under nitrogen. A solution of
was heated to boiling. Afte2 h of heating, an orange precipitate  diisopropylamine (223 mg, 2.2 mmol) in absolute THF (10 mL)
appeared. The reaction mixture was refluxed overnight. It was then was then added in one portion. A bath with acetedey ice was
cooled to rt and poured into a flask containing 100 mL of water then replaced with another bath containing Naice. When the
mixed with 20 mL ¢ 1 M HCl and 200 mL of toluene. The aqueous temperature increased te40 °C, a solution of 1-(thien-2yl)-4-

and organic phases were separated, and the organic phase, contaif5"'-decyl-thien-2-yl)benzene 7) (766 mg, 2.0 mmol) in 30 mL
ing the product as a precipitate, was washed with water and filtered of absolute THF was added dropwise. Almost from the beginning
over glass filter G4. The product was washed with toluene and of dropping, the solution became turbid, and white precipitate then
dried under vacuum (0.1 mbar) to give 404 mg of a thin orange appeared. The solution became blue, then dark-green, and finally
powder, which was already 99% pure according to EI-MS. Yield: brown. The bath was removed, and the temperature was allowed
404 mg (79%). The product was further purified by sublimation. to rise to 10°C. Complete dissolving of the precipitate happened
EI-MS: nmve 850 (M, 100%). at ~5 °C, forming a dark brown solution. After that, the reaction
mixture was cooled again te-78 °C, and anhydrous powdered
CuCl (538 mg, 4.0 mmol) was added in one portion. The color of
the solution changed from brown to green. The dry-iaeetone
bath was removed; the temperature increased t6Q2and the
reaction mixture was stirred for 2 h. It was then poured into 200
mL of ether and 200 mL of icewater mixed with 10 mL of 1 N
HCI. The ether layer, containing a yellow-greenish precipitate, was
separated, washed with water, filtered off, and washed with dry
ether. The precipitate was dried in a vacuum (0.1 mbar) to constant
weight to give 223 mg of the product as a light green solid. Yield:
223 mg (29%). The product was further purified by sublimation to
1 give a yellow solid. EI-MS:m/e 762 (M, 100%).

1-Thienyl-4-bromobenzene (6)Under nitrogen, a solution of
2-bromothiophene (8.56 g, 52.5 mmol) in anhydrous diethyl ether
(45 mL) was slowly added dropwise to a suspension of magnesium
(1.32 g, 55 mmol) in anhydrous diethyl ether (5 mL). The
corresponding Grignard reagent was refluxed for 2 h, cooled to
room temperature, and transferred to the dropping funnel of the
second apparatus via syringe. It was added dropwise to a solution
of 1,4-dibromobenzene (11.80 g, 50 mmol) and Pd(dppfiE,-
Cl; complex (366 mg, 0.5 mmol) in 50 mL of anhydrous ether.
The reaction temperature increased from 20 t6@4The mixture
was stirred overnight, while the temperature decreased t&C20
again. Completeness of the reaction was controlled by TLC in 4:
hexane-chloroform. The reaction mixture was then hydrolyzed with
1 N HCI (10 mL), poured into 100 mL of icewater, and extracted Results and Discussion

twice with 300 mL of ether. The combined ether layers were washed . . .
with water, dried over sodium sulfate, and evaporated to give the Synthesis. Oligomers 1 and 2 with an odd number of

raw product, which according to GEMS contained 1-thienyl-4- ~ @romatic rings were designed to have gaghenylene unit
bromobenzene (64.57%), 1,4-dibromobenzol (18.14%), and 1,4- between the oligothiophene blocks of different lengths (bi-
bithienylbenzol (17.29%). The raw product was purified by and terthiophenes, respectively). On the one hand, it allows
recrystallization from hexane followed by column chromatography for direct comparison with their oligothiophene analogues
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Scheme 2. Synthesis of ThiopherePhenylene Oligomers +3

1) n-BuLi;
J \ S 2) MgBr,.Et,0
1C1§ S \ / E——

THF
A ENA
H,,Cyg S \ / S
4

! Vs

HyCog S

1) n-BuLi;

@\Mggr H21C10/@\MgBr

S

Br—@—Br s | A\
Pd(dppf)Cl,

ether

\_/

B
2) IPTMDOB / \ s /' \ .o
THF H,C.& s \ / s B&) Pd(PPh,),, Na,CO,
5

Br —m—>
S Pd(dppfCly/ether

Br: Br

MgBr ———» 1 (Dec-2T-Ph-2T-Dec)

Pd(dppf)Cl/ THF
r_©_ B

—————> 2 (Dec-3T-Ph-3T-Dec)

toluene/H,0

1) LDA;
2) CuCl,

———> 3 (Dec-(TPhT),-Dec)

THF

[\

S S C,H

\/ 10" '21

7

Table 1. Phase Behavior of Oligomers Obtained

compd Tm (°C) melting enthalpy (kJ mol)
1 K1 109 K2 124 K3 212 SmX 253 | K128.8K217K323SmX19.21
2 K311l K 36.6 1
3 K316 SmX 3511 K'30.8 SmX24.11

aK1, K2, and K3 are different crystal phases, SmX is an undefined smectic phase, and | is an isotropic melt.

o,0!'-didecyloligothiophene¥. On the other hand, they are

compoundg8 Oligomer3 was synthesized by the oxidative

linear analogues of the semiconducting star-shaped oligomersoupling of 1-(thien-2yl)-4-(5"-decyl-thien-2-yl)benzene

with the central 1,3,5-phenyl rifgthat makes it possible to

(7), a synthesis similar to that of,a’-didecylsexithiophene

trace the influence of the way the oligothiophene blocks are (Dec-6T-De¢ described earlie¥2 Precursoi7 was obtained

connected to the phenyl ring on the properties of the via a repetitive Kumada coupling of 2-thienylmagnesium
oligomers obtained. Oligom&was designed in such away bromide followed by 5-decyl-2-thienylmagnesium bromide
as to have a structure similar to that ofa’-didecyl- to 1,4-dibromobenzene with the isolation and purification
sexithiophene, but with the second and fourth thienyl rings of intermediate compouné.

replaced with 1,4-linked phenyl rings.

The structure and purity of the intermediate and final

The thiophene phenylene oligomers were synthesized as compounds were proved By NMR spectroscopy, GE
depicted in Scheme 2. The most efficient procedure was MS, and EI-MS analysis. All three final thiophenphen-

found for 1,4-bis(5-decyl-2;ithien-5-yl)benzenelj. In
this case, the use of Pd(dppf}Gs a catalyst for Kumada
coupling of 5-decyl-2,2bithien-5-ylmagnesium bromide to
1,4-dibromobenzene led to such a high purity of oligother
that it was used for the fabrication of OTFTs without any
additional purificatior? However, this approach was found

ylene oligomers obtained possess a very limited solubility
even in hot solvents, thus prohibiting their processing from
the liquid phase. This is in sharp contrast to their star-shaped
analogues, which possess good solubility and film-forming
properties, leading to an improved spin-coating processing.
Nevertheless, the solubility of oligomets-3in chlorinated

to not be universal, and our attempts to synthesize pure 1,4-solvents was enough to investigate their optical properties.

bis(5-decyl-2,25',2"-terthien-5-yl)benzene %) from 5-de-
cyl-2,2:5',2"-terthien-5'-ylmagnesium bromide and 1,4-

A possible reason for the low solubility of the oligomers in
guestion is the strong interactions between the aromatic units

dibromobenzene using a similar procedure failed, producing of the molecules in the solid state, increased by the additional

a significant amount of a byproduct,o’-didecylsexithiophene.

interactions between the long decyl end groups of the

Consequently, Suzuki coupling was used to prepare oligomermolecules.
2. Thanks to the nature of the Suzuki coupling reaction, and Thermal Properties. The thermal behavior of the
with the proper choice of halogen and boronic compounds, thiophene-phenylene oligomers synthesized was character-

we were able to obtain the desired oligoniewith high
purity after simple sublimation. It is well-known that the

electrical performance of OTFTs depends critically on the

ized by polarizing optical microscopy and differential scan-
ning calorimetry (DCS) methods (Table 1).
These investigations revealed a high crystallinity of all

purity of the organic semiconductor; it is particularly sensitive the materials obtained. Compourtland3 possess not only

to the presence of oligomers with mismatched lenétfhe
relatively poor stability of the thiophene boronic acid

crystalline but also high-temperature liquid crystalline mes-

derivatives, which decrease with an increase in the number(24) Katz, H. E.; Dodabalapur, A.; Bao Z. IHandbook of Oligo- and

of thienyl units?®> was improved dramatically through the

PolythiophenesFichou, D., Ed.; Wiley-VCH: Weinheim, Germany,
1999; p 459.

use of pinacoline ester of the boronic acid derivative, which (25) Tsivgoulis, G. M.; Lehn, J.-MChem=—Eur. J. 1996 11, 1399.
is known to form more stable organoboronic aromatic (26) (a) Bidan, G.; de Nicola, A.; Ege V. Guillerez, SChem. Mater

(23) Ponomarenko, S. A.; Kirchmeyer, S.; Elschner, A.; Huisman, B.-H.;
Karbach, A.; Drechsler, DAdv. Funct. Mater 2003 13, 591.

1998 10, 1052. (b) Guillerez, S.; Bidan, Gsynth. Met.1998 93,
123. (c) Kirschbaum, T.; Briehn, C. A.; Barle, P.J. Chem. Soc.,
Perkin Trans. 1200Q 1211. (d) Jayakannan, M.; Dongen, J. L. J;;
Janssen, R. A. Macromolecule001, 34, 5386.
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Table 22 UV —Vis Absorption and Fluorescence Data for the Table 3. Electrochemical Data for Thin Films of Oligomers

Oligomers? Measured by CV vs SCE
fluorescence  HOMO-LUMO standard formal oxidation potentials
compd abs max (hm)  max (nm) gap (eV) compd Ex0 (V) Ex0 (V) HOMO (eV)

1 401 456, 484 2.81 _

2 434 496, 532 2.60 ! 115 255
2 1.18 1.34 —5.58

3 414 472,504 2.72 3 125 157 565

Dec-4T-Deé 400 464, 492 2.77 ’ ’ )
Dec-4T-Dec 1.01 1.07 —5.41

Dec-5T-Dec 421 494,528 2.61

Dec-6T-Dec 444 517, 554 2.50 Dec-5T-Dec 0.99 —239

' ’ Dec-6T-Dec 1.02 1.18 —5.42

aMeasured in dilute solutions in CHEP Measured in CkCly.
compared withAE = 2.50 eV forDec-6T-Dec The energy

ophases. Bearing in mind rather high isotropization enthalpiesgap of oligomer3 is between those for 4- and 5-ring
(19-24 kJ mot™) as well as a molecular symmetry, we could  gligothiophene®ec-4T-DecandDec-5T-Deg although it's
attribute these to ordered smectic mesophases, designategioser to the former. This strong shift is caused by the
here as SmX. Exact determination of the mesophase typespresence of twg-phenylene rings in the conjugated chain
demands further examination with XRD measurements. of the molecule. Thus, as expected in the linear thiophene
Oligomer 3 shows the highest melting and isotropization pheny]ene 0|ig0mers, tmphenwene groups do not break
temperatures (316 and 35C, respectively), whereas oli-  the conjugation between the oligothiophene units but do
gomerl has the highest degree of ordering in the crystalline influence their HOMG-LUMO band gap. This is in sharp
phase, as can be estimated from the thermodynamic'¥lata. contrast to star-shaped oligomers, in which a linking of
As can further be seen, both oligomers showed the highesto|igothiophene units to a 1,3,5-phenyl ring breaks the
field-effect m0b|||ty, measured until now for thin films of Conjuga’[ion, |eading to three independent|y Conjugated
thiophene-phenylene oligomers. oligothiophene-phenylene blocks within one molectffe.

Optical Properties. Investigation of the influence of Cyclic Voltammetry. The peculiarities of the energy
inclusion ofp-phenylene rings into conjugated oligothiophene |evels of linear thiophenephenylene oligomers, found by
molecules was made by UtWis absorption and fluorescence optical measurements, should influence their oxidation
measurements in dilute chloroform solutions of thiophene stability as compared to the oligothiophenes with the same
phenylene oligomers—3 (Table 2). number of aromatic rings. The most interesting question was

Data for their oligothiophene analogues, namelyq'- the electrooxidative stability of these oligomers in thin films,
didecylquaterthiopheneDgc-4T-Deg, a,o’-didecylquin- i.e., close to the working conditions of organic semiconduc-
quethiophenellec-5T-Deg, anda,o’-didecylsexithiophene  tors in OTFTs. This point was tackled with electrochemical
(Dec-6T-Deg,'? are also shown. The HOMGLUMO measurements of thin films of the thiophenghenylene
energy gapAE was estimated from the optical measurements oligomers and model oligothiophene compounds (Table 3).
as the intersection of the excitation and emission spectra, Typical cyclovoltammograms of the thin films of the
regarded as mirrors of a-® transition. Such estimation for  oligomers investigated are shown in Figure 1. All the
oligothiophenes usually giveSE values that coincide well  oligomers are oxidized quasireversibly. The technique used
with the energy gap obtained electrochemicélly. permits us to obtain CVs practically in only the first cycle,

Compared with that oDec-5T-Deg the absorption and  during which the currents markedly decreased. The most
emission maxima of 5-ring oligomek in dilute solutions probable reason for such behavior is the exfoliation of the
are shifted toward higher energy by 280 nm, and they  films off the electrode surface. The reproducibility was
are much closer to those obtained foec-4T-Dec The checked by multiple experiments. Usually, oxidation of the
estimated value of the HOME@LUMO gap for oligomerl oligothiophenes involves two steps: (1) formation of the
is 2.81 eV, which is close to the value of 2.77 eV fdec- radical cation and (2) formation of the dication, correspond-
4T-Decbut 0.2 eV larger than the energy gap faec-5T- ing to the first and second redox processes with the standard
Decwith AE = 2.61 eV. These results indicate that replacing formal potentialsE;© and Ex®°, respectively. Sometimes the
the central 2,5-thienyl group im,a'-didecylquinquethiophene  second redox process could not be seen, especially in the
with a 1,4-phenylene group leads to an increase in thethicker films?® But because we were interested in the
HOMO—-LUMO gap to approximately the value f@ec- comparison of the oxidation stability of thin films from the
4T-Dec In other words, by inserting the 1,4-phenylene group oligomers synthesized, the point in question was the first
between two bithiophene blocks, we can increase the oxidation step, with its standard oxidation potenfiaf. 2°

oligomer length from 4 to 5 conjugated rings without
increasing the HOM@LUMO gap. Data for oligomerg
and 3 confirm this tendency. The 7-ring thiophenghe-
nylene oligomeR has an energy gap of ca. 2.60 eV, which
is actually the same as that of the 5-ring oligothiophBee-

Cyclovoltammetry showed that all three model oligoth-
iophenesPec-4T-De¢ Dec-5T-De¢ andDec-6T-Deg are
oxidized practically at the same standard formal oxidation
potentials E;° (Table 3). These are independent of the
number of thiophene rings in the oligomer and lie near the

5T-Dec The difference in the energy gap is even higher for value of 1.0 V. At first glance, this result seems to be rather

6-ring thiophene-phenylene oligomeB (AE = 2.72 eV),

unusual, bearing in mind a lot of publications showing that

(27) Demanze, F.; Cornil, J.; Garnier, F.; Horowitz, G.; Valat, P.; Yassar,
A.; Lazzaroni, R.; Bredas, J.-lJ. Phys. Chem1997, 101, 4553.

(28) Zotti, G.; Schiavon, G.; Berlin, A.; Pagani, Ghem. Mater1993 5,
620.
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Figure 1. Cyclovoltammograms of thin films recorded in 0.1 M BIBF4#/AN for (a) thiophene-phenylene oligomet, (b) thiophene-phenylene oligomer
3, (c) oligothiopheneDec-5T-Deg and (d) oligothiophen®ec-6T-Dec

the oxidation potential decreases with an increase in thewith the electrode takes place. These processes can change
length of the oligothiophen®.For the oligothiophenes with  the values ofg;°. We explain the actual constancy of the
4—6 thiophene rings, typically the first oxidation potential formal potential in the ravDec-4T-De¢ Dec-5T-De¢ and
decreases by 0.05 V with each additional thiophene ring. Dec-6T-Decby compensation of two opposite effects: (1)
However, one should keep in mind that these literature dataan increase in the number of conjugated rings in the
were obtained for dilute solutions of the oligomers, and they oligothiophene fragment, which should decrease the potential,
reflect only the electronic structure of the molecules. Our and (2) the influence of the ordering in the solid state under
goal was to estimate the oxidative stability of thin films of the considerable impact of long alkyl chains. One can
the oligomers. That is why we have made the measurementssuppose that the latter effect is stronger the shorter the
in solid films, where not only electronic properties of the oligothiophene fragment is. And the higher the ordering, the
single molecules but also ordering between the molecules isgreater the interactions of thesystems between the different
taken into account. Most probably, the clogg® values oligothiophenes are and the easier oxidation is.

obtained are a consequence of the interactions between the For thiophene-phenylene oligomers—3, E;{ increases
molecules in the solid-state measurements. CV data of thewith the introduction op-phenylene rings into the oligomers
solid films of methyl-end-capped oligothiophenes with 4, 6, (Table 3). Moreover, introduction of ongphenylene ring

8, and 10 thiophene rings favor this assumption, showing ainto oligothiophene increases its oxidation potential by ca.
much lower difference between their oxidation potentials (the 0.15 V. Introduction of the secongtphenylene ring shifts
calculated difference betwedh® of 4-mer and of 10-mer its oxidation potential further by ca. 0.10 V. It means that
is just 0.1 V)? It is well known that interactions in the solid  all the thiophene phenylene oligomers are significantly more
state can alter positions of the electronic levels, for instance, stable in air than the corresponding oligothiophenes. In
because of close contacts of the oligomers’ fragments with increasing order of oxidation potential, the thiophene
each other and the formation of stacks or lamellar structures.phenylene oligomers can be arranged as followsy 2 <

The higher the ordering in the solid phase, the stronger the3. In other words, oligomer 3 witk;° = 1.25 has the highest
interactions of ther-systems between different oligomer’s oxidation stability among all the oligomers and oligo-
fragments and the easier the process of electron exchangehiophenes under consideration.

The electrochemical data obtained allowed us to estimate

(29) The formal potentials were calculated as the arithmetic mean betweentha HOMO levels from the vacuum for the oligomer films
the potentials corresponding to maximum currents of the anodic and | lled their ionizati ials. IPs). For thi
cathodic processes. (also called their ionization potentials, IPs). For this purpose,
(30) gag)gQU. 2267 Figggu,(a.;gorowi}z, GEA cC]Earr’:/iler, g Egeg;roz?nfilt.)gh?r;ﬁ- the following potentials were taken into account: (1) the
, . aeuerle, PAdv. Mater. , . (c
Facchetti, A Mushrush, M.: Katz, H. E.. Marks, T.Ady. Mater HOMO level of the metal electrons at the normal hydrogen

2003 15, 33. electron in water is—4.43 eV3! (2) the potential shift
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5,3 1 Table 4. Electrical Characteristics of OTFTs Made from Thin Films
of Oligomers 1-3
Y — e ol carrier subthreshold
- mobility  threshold slope
compd contact type(cm?/Vs) voltage (V) (V/decade) on/off ratio
> ]
G 5 1 top 0.1 2 15 10
B — bottom 0.3 -5 1.3 16
Q 55| — 2 top 0.08 -11 8.3 16
' bottom 0.08 -8 7.0 16
— 3 top 0.1 -17 5.7 10
57 bottom 0.4 -13 4.1 106
58 of 30 nm was used for the source and drain contacts. In the
" 4 5 6 7 top-contact structure, the source and drain contacts were
Number of aromatic rings, n defined using a shadow mask. For the bottom-contact

Figure 2. Schematic diagram showing the HOMO levels estimated for Structure, the gold layer was patterned by photolithography
the films of oligothiophenes (level 1) and the thiophepbenylene and wet etched to define the source and drain contacts. The

oligomers (level 2 and below). organic semiconductor layers (30 nm) were deposited by
between the normal hydrogen electrode and the saturatec}hermal ei/apo/rayonslnba vacuum er]thl da stable deposition
calomel electrode used by us-i9.24 ev¥and (3) the jump '€ near 1 nm/min. Substrates were held at room temperature

of the potential on the watefacetonitrile interphase is 0.27 ldurinﬁ th]? tldeposition.dThe tﬁp—conltac'tdOhTF:'slgave aTchhanneI
eV. 3 |t gives the following ength of 130um and a channel width of 17Am. The

bottom-contact devices have a channel length ai@0and
E(HOMO) = _Elfo — 4.40 eV a cha_nnel width of 2q_um. To minimize leakage currents_

and fringe effects, we isolated TFTs under test by scratching
a trench around the active device area with a probe tip,

potential given by de Leeud.For a better understanding, thereby removing the organic semiconductor from the
the calculated values are presented as a diagram in Figurd€nches (see Figure 1, ref 7a).
2. One can clearly see that the HOMO levels of the All transistors were characterized in air, which confirms
oligothiophene films under consideration are concentrated their high stability to oxidative doping. From the electrical
near the HOMO value 0f-5.40 eV (marked as level 1), transfer characteristics, we extracted the parameters such as
almost independently of the number of thiophene rings. carrier mobility, subthreshold swing, and on/off current ratio
Corresponding HOMO levels for the oligomers with one for each device; these are summarized in Table 4. The carrier
p-phenylene ring are shifted by ca. 0.15 eV and located nearmobility was extracted from the saturation regime at a drain-
the value of—5.55 eV (marked as level 2). Insertion of the source voltage of-20 V and a gate-source voltage 615
secondp-phenylene ring moves the HOMO level further to V, meaning that all the oligomers gpetype semiconductors.
—5.65 eV for oligomer3. It is interesting to note that the  High carrier mobilities of 0.3 and 0.4 ¢éiVs for oligomers
same shift of the HOMO level by 0.15 eV was calculated 1 and3, respectively, were obtained. Compouddhowed
by molecular modeling by Katz et al. for replacing of the a smaller mobility of 0.08 cAtVs, which may be due to a
central thiophene ring in aa,a’-dihexylquinquethiophene  lower degree of molecular ordering, caused by the longer
molecule by ap-phenylene unit/ Comparison of the  chromophore, as evidenced by the DCS data (Table 1). For
electrochemical data obtained with the peculiarities in the the two best semiconductors (oligomérand3), the bottom-
energy gaps found by optical measurements shows that thecontact TFTs clearly outperform the top-contact TFTs, with
insertion ofp-phenylene rings into oligothiophene molecules a larger carrier mobility, a smaller subthreshold slope, and
mostly influences their HOMO levels, thus increasing their a greater on/off current ratio. The same effect was observed
oxidative stabilities. for decyl-end-capped oligothiophen8sThis effect was
OTFT Measurements.Semiconducting properties of the  attributed to the formation of the intrinsic barrier by the long
thiophene-phenylene oligomers—3 were checked by using  decyl groups, separating the dielectric and contact interfaces
them as organic semiconducting layers in OTFTs. Charge-from the conjugated carrier channel. Such a barrier increases
carrier mobilities were measured in OTFTs using both top the contact resistance for the top contact TFTs but does not
and bottom contact configurations according to a procedureinfluence the performance of the bottom-contact TFTs. It
described earlieF13 A heavily doped silicon wafer was used should be noted that this barrier was not observed for shorter
as the substrate and gate electrode, and a 270 nm thick layethexyl and ethyl) alkyl chains.

of cross-linked poly-4-vinyl-phenol served as the gate Figure 3 shows the electrical characteristics of a bottom-
dielectric. Thermally evaporated gold with a film thickness contact OTFT made from the 6-ring thiopherghenylene
oligomer 3. The device has a carrier mobility of 0.4 &m

In fact, it coincides with the formula for the ionization

(31) Gorevich, Yu. Ya,; Pleskov, Yu. \Electrochemist982 18, 1477. /s, g subthreshold slope of 4.1 V/decade, and an on/off ratio
(32) Dobosh, DElectrochemical Constants. (Handbook for Electrochem- L . -

ists) Mir Publishers: Moscow, 1980. of 1(P. This is very close to a carrier mobility value of 0.5
(33) Krishtalik, L. I.; Alpatova, N. M.; Ovsyannikova, E. \Electrochim. cn?/Vs, a subthreshold slope of 3.1 V/decade, and an on/

(34) ggtﬁégl?v%, 3§' &?.Séimenon M. M. J.- Brown. A. R.- Einerhand. r. . Off ratio of 1%, measured for its oligothiophene analogue

F. Synth. Met1997, 87, 53. Dec-6T-Dec'®
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Figure 3. Output and transfer characteristics of bottom-contact OTFT based on oligomer

The potential of these materials for application in organic Vs and on/off current ratios as large as’,18s well as in
electronics was demonstrated by the fabrication of integratedintegrated circuits (ring oscillators) with stage delays as short
circuits (ICs). Five-stage ring oscillators were fabricated on as 30Qus. Although these oligomers possess limited solubil-
glass substrates as described previotisGircuits based on ity, they are highly crystalline materials, which makes them
oligomersl and3 oscillate with a signal propagation delay promising candidates for organic electronic devices prepared
between 300 and 70@s per stage, corresponding to by vapor evaporation. Investigation of the optical properties
frequencies of several hundred hertz. It is interesting to note of these oligomers with 57 conjugated aromatic rings
that although oligomefl has a somewhat higher mobility ~showed that they have a HOM@QUMO energy gap ca.
than oligomer3 (0.3 cn?/Vs vs 0.4 crd/Vs), the faster ring 0.2 eV higher than that of the corresponding oligothiophenes.
oscillator was obtained from oligomér This is obviously Electrochemical measurements revealed a better oxidative
due to the fact that the performance of the ICs depends notstability of the thiophenephenylene oligomers compared
only on the mobility but also on some of the other parameters to that of their oligothiophene analogues. Estimation of the
of the organic semiconductors. One of them is the semicon-HOMO levels of the oligomer films showed that fogo!'-
ductor's HOMO level, especially its deviation from the work didecyloligothiophenes with-46 conjugated thiophene rings,
function of the contact electrodes; the closer the HOMO level it is almost independent of the oligomer length and is close
of the p-type organic semiconductor is to the work function to a value of—5.40 eV. Inclusion of on@-phenylene ring
of the electrode, the better. We have used gold contacts,in a conjugated oligothiophene chain shifts this value to
which have work functions: Au (110y;5.37 eV; Au (100), approximately—5.55 eV, whereas the secopephenylene
—5.47 eV; and Au (111);-5.31 eV1% These values are ring shifts the value 0.10 eV further.

closer to the HOMO level of oligomelr (—5.55 eV) than to The current study indicates that combining 2,5-thiophene
that of oligomer3 (—5.65 eV), thus allowing faster charge 5,4 p-phenylene units in the conjugated oligomer is a

transfer. This assumption is supported by the fact that mUChpromising approach for the creation of new stable semi-
faster ICs, oscillating with a signal propagation delay as short ¢nqycting materials with high charge-transport mobility and
as 3Qus per stage, were made frdbec-6T-De¢which have 4404 device performance. It allows for tuning the energy
a very close mobility value of 0.5 Cifvs, but a HOMO  gah a5 well as the oxidation stability of the organic

level of —5.42 eV that matches well with the IPs of gold.  gemiconductors. The presence of long alkyl chains in such
. oligomers improves their molecular ordering, thus positively
Conclusions influencing their semiconducting properties.

In summary, we have demonstrated the efficient synthesis
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