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ABSTRACT

The synthesis of difluoromethylene-bridged bithiophene and its oligothiophenes are reported. The spectroscopic and electrochemical measuremen t
as well as X-ray analyses unambiguously revealed that the difluoromethylene bridge largely contributes to keeping planarity between the
thiophene rings and lowering the LUMO level. The perfluorohexyl-substituted quaterthiophene derivatives showed n-type semiconducting

behavior with field-effect electron mobilities up to 0.018 cm 2 V-1 571

Thiophene-based oligomers and polymers have been attractmost actively investigated and seem to reach the practical
ing a great deal of attention because of their applicability to stage? However, the study of oligothiophenes with electron-
active electronic materials for organic field-effect transistors transporting (n-type) ability is still limited as compared with
(OFETSs), light-emitting diodes (OLEDS), and photovoltaic that of hole-transporting (p-type) oligothiophenes. Recently,
devices (solar cells) Among them, OFETs have been the it has been systematically unveiled thatonjugated systems
incorporated with electron-withdrawing groupsespecially
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perfluoroalkyl groups, dramatically increase n-type char-
acter>~7 In addition, we have reported the synthesis of the
hexafluorocyclopenta[c]thiophene udiind its oligomers.

Scheme 1. Synthesis of Difluoromethylene-Bridged

The spectroscopic measurements and X-ray analyses of these

oligomers revealed that this unit effectively induces elec-
tronegative character without disturbing effective conjugation
of the backboner-systems. The calculated frontier orbitals
of 1 at the B3LYP/6-31G(d,p) levelindicated that the
antibonding o* C—F orbitals at the benzylic positions
participate in the LUMO as shown in Figure 1 (left) and
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Figure 1. Calculated LUMOs ofl (left) and 2T; (right).

thus lower its orbital energy. On the basis of these findings,
we anticipated that bridging of a bithiophene unit with a
difluoromethylene group contributes to not only keeping the

Bithiophenes
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bithiophene2T; as shown in Scheme 1. Thioketalization of
4H-cyclopenta[2,15:3,4']dithiophen-4-one ) with 1,2-
ethanedithiol in the presence of AlGjave 1,3-dithiolan8
in 89% yield!* which was then converted to the correspond-
ing difluoromethylene-bridged dibromo compourdd by
treatment with HFpyridine and NBS (57%)? Subsequent
debromination of4 with LiAIH 4 (LAH) gave 2T¢ in 95%
yield. The structure o2T¢ was unambiguously verified by
GC—MS, H, 3C, and**F NMR spectroscopy, and elemental
analysis.

Table 1 shows the electronic absorption and cyclic voltam-
metry (CV) data of2T; together with those of M-cyclo-

conjugation between the thiophene rings by fixing the |GGG

conformation but also lowering the LUMO energy by rather
effective orientation of the €F bonds against the bithiophene
mr-orbital (Figure 1, right). Here, we report on the synthesis
and properties of newly designed electronegative difluoro-
methylene-bridged bithiopherg& and its oligothiophenes
for n-type OFET materials.

We focused on a desulfurative fluorination reaction as a
key step for the preparation of difluoromethylene-bridged
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Table 1. Spectroscopic and CV Data for the Bithiophenes

compd abSmax/NM% EL/Vb E,/V?
2T 348 +0.99¢ —2.42¢
2Ty 310 +0.68¢ —2.88¢

aln THF. P In CgHsF, 0.1 M n-BwNPFs, V vs Fc/Fc. ¢ Irreversible.

penta[2,1-b:3,4-b']dithiophene (R*® The substitution of
fluorine atoms for the hydrogens at the bridging position in
2Ty, results in a bathochromic shift of absorption maximum
by 38 nm and shifts to more positive potentials for both the
oxidation and reduction processes. Theoretical calculations
for difluoromethylene-bridge@T; and methylene-bridged
2T, at the B3LYP/6-31G(d,p) levelindicated almost flat
conformations of both the bithiophemesytems; the dihedral
angles between the thiophene rings aré.0rhe calculated
LUMO energy of2T; is 0.73 eV lower than that 02Ty,
whereas a decrease in HOMO energy fr@ify, to 2T is
0.41 eV as shown in the Supporting Information (Figure S1).
The above-mentioned bathochromic shift of absorption and
the positive shifts of both the oxidation and reduction
potentials are consistent with these theoretical predictions.
The promising electronegativity and coplanarity of &#ie
unit as well as its expected chemical stability by the
substitution of fluorine atoms at the bridging positior2if,'4
have convinced us that it is a viable building unit for
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electronegative oligomeric materials. Thus, a series of quater-formed into 7. Palladium-catalyzed oxidative homocou-
thiophenes and sexithiophene were synthesized as shown ipling of 7 in the presence of AgF gave the quaterthio-

Scheme 25

Scheme 2. Synthesis of Difluoromethylene-Bridged
Oligothiophenes
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Taking account of the application for n-type OFETS, we
have installed perfluorohexyl groups at the terminab-
positions? Palladium-catalyzed Stille coupling &f with
2-tributylstanylthiophene or 2-perfluorohexyl-5-tributyl-
stanylthiophene vyielded the quaterthiopherié&T(T or
Ri—T2T{T—Ry, respectively, in moderate yields. The key
starting materiab for the synthesis of homogeneous oligo-
mers was facilely prepared from known spirdf¢yclopenta-
[2,1b:3,4b']dithiophene-4,2[1,3]dioxolanel® by a two-step
reaction (see the Supporting Information). In a similar
manner to the preparation @fT;, except for the use of a
BF;:AcOH catalyst instead of AlGlto avoid chlorina-
tion of the benzylic C-F bonds'’ the ketones was trans-
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pheneR—2T:2Ti—R; in 43% yield!® The sexithiophene
Ri—2T:2T:2T;—R¢ was synthesized by Stille coupling 8f
with 2.2 equiv of6 and subsequently sublimed twice under
a high vacuum to produce the pure product in a yield of
47%.

Single crystals off 2TT andR;—T2T:T—R; suitable for
X-ray crystallographic analyses were grown from Cki&id
hexane—EtOAc solutions, respectively, by slow evapora-
tion.’® As shown in Figure 2, the crystallographic structures

% 1061 3.33

Molecular and

Figure 2.
R—T2T;T—R; (bottom).

structures of T2T(T (top)

definitely confirm the expected nearly coplanar geometries
owing to the difluoromethylene bridging. In contrast to an

anti-syn-anti conformation of2TT, Ri—T2T{T —R; adopts

a syn-syn-syn conformation, which might be due to their
packing force in the crystaf.

The packing diagram oR{—T2T{T—R;, as shown in
Figure 3, exhibits a favorable-stacking pattern with regular
intervals, whereas that @27T+T is elusive and nar-stacking
interaction is observed. Apparently, this difference is attrib-
utable to the presence of the terminal perfluorohexyl groups
in Ri—T2T{T —R:.%® The intermolecular face-to-face distance
between ther-backbones is 3.6 A, the value of which is
slightly larger than typical interactions of carbon-based
conjugated systems (3.4 A). On the other hand, the shortest
intermolecular nonbonding distances for C—F and S—F are
3.07 and 3.27 A, respectively, and these contacts are almost
equal to the sum of their van der Waals radiHE. 3.17
A; and S—F: 3.27 Ap
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measured, 3543 uniqu& = 0.0857 forl > 20(l), wR = 0.1674 for all
data. Crystal data foR—T2T{T—Rs: CygHeF28Ss, M = 1014.58, mono-
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layers (15 nm) were fabricated by vacuum deposition with
a stable rate of 2.0 A/s. The transfer characteristics of

i QQ;QQ m Ri—T2T{T—R; andR—2T2T;—Rs are presented in Figure

]_ W 4. Both the devices showed n-type FET behavior with field-
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Figure 3. Packing diagrams of 2T(T (top) andRi—T2T;T—R; 10 L o 107 —f |,
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Table 2 summarizes the UWis absorption, fluorescence,  Figure 4. Transfer characteristics ®—T2T¢T—R; (left) and
and CV data of the oligomers together with the corresponding Ri—2Ti2Ti—Rs (right) at 100 V of drain voltage.

effect mobility of 1.8 x 1072 cm? V™1 s (lo/lofr: 1.3 X
Table 2. Spectroscopic and CV Data for the Oligomers 10%) for R—T2T;T—R; and 1.4 x 103 cm? V1 g1

O S J \ S 7\ C.F (lorlloﬁ: 54 x 102) for Rf_szZTf_Rf.
BN s ) e 'R In conclusion, we have achieved the synthesis of difluo-

Re-4T-R¢ romethylene-bridged bithiophene and its oligomers. The
" " effectiveness of the bridging unit has been unambiguously
compd absma/nm®  fluma/nm®  Ep/V2 EpdV revealed by the spectroscopic measurements and X-ray

T2T¢T 433 531 +0.57  —2.03 analyses, as well as by the OFET performance. Further work

Re—T2T{T—R¢ 433 519 +0.88  —1.95 aimed at the optimization of OFET devices to obtain high
Ri—2T2Tr—R¢ 443 515 +0.98  —1.80 charge—carrier mobility and at the elucidation of the
Ri—2T2T2T—R¢ 490 576 ¢

R AT—R, 396 458, 485 1082  —92.16 structure—property—FET characteristic relationship will be

reported in due course.
an THF. P In CgHsF, 0.1 Mn-BwNPFs, V vs Fc/Fc. € Not measured.
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