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ABSTRACT

A series of oligothiophenes containing difluorodioxocyclopentene-annelated thiophene units was synthesized, and their electronic properties
and structures were investigated by spectroscopic and electrochemical measurements and X-ray analyses. The oligothiophenes having the
terminal difluorodioxocyclopentene annelations showed n-type semiconducting behavior on FET devices, and the quaterthiophene revealed
field-effect electron mobility as high as 1.3 ~ x 1072 cm2 V-1 s~ L

Organic field-effect transistors (OFETSs) based:enonju- achievements for p-type organic semiconductors have been
gated systems have received considerable interest in recenteported: One of the most urgent aspects for the development
years as they are indispensable components in organicof OFETs is the design and synthesis of new conjugated
electronics. Thiophene-based oligomers and polymers have systems for electronically complementary n-type organic
been extensively investigated for this applicati@md great semiconductord. Thus, the incorporation of electron-
withdrawing groups such as fluorihand perfluoroalkyt"
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gative character of oligothiophenes without interrupting the

effective conjugation (Figure £)On the basis of this finding Scheme 1. Synthesis of Oligothiophenes Containing
Difluorodioxocyclopentene-Annelated Thiophenes
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Figure 1. Structures of electronegative thiophene monomer units. & TBAH &F f-BuOK
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and the fact that only a few carbonyl-functionalized olig- 3 77% B 55% = gnBuy, 5 ]BUSSnCI
othiophenes are known to exhibit n-type OFET perfor- ™
mance’1°we have envisaged that difluorodioxocyclopenta- FF 95%
[c]thiopheneC, which is one of the key synthetic precursors Pd
) o . (PPhg)y
of 12 also might be a valuable building unit for electrone- 5 H,S0;4
gative oligothiophenes because it has a cyclopentene- 2 toluene,  THF,
annelated structure as well as two strongly electron- reflux it
withdrawing carbonyl groups conjugated with the thiophene 59%  45%
m-system. In addition, as substituent groups on the terminal Pd(PPhs)
. . . 3/4
positions of conjugated oligomers are well-known to exert /R 5 H>S04
a strong influence on both the molecular orbital energies and BN nBr toluene, THF, F
the packing structures in film state&52.21we planned to reflux
utilize difluorodioxocyclopenta[b]thiophen®& as a new n=1 74%  72% © BTB (n=1) O
n=2 68% 68% BTTB (n=2)

electronegative terminal unit. Here, we report on the
synthesis, properties, and n-type OFET performance of newly
designed electronegative oligothiophenes containing the

difluorodioxocyclopentene-annelated thiophenes.

The synthetic routes to carbonyl-functionalized oligoth-

iophenes are outlined in Scheme 1. The terthiopheQ&

was prepared by the palladium-catalyzed Stille coupling

reaction between dibromid€® and 2-tributylstannylth-
iophene. Although 5,5-difluoroH-cyclopental]thiophene-
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4,6(5H)-dione (B) is a known compound, its reported
synthetic procedures are difficult to reproduce because of
the harsh reaction conditions and the use of volatile tet-
rafluoroethylené? As the key chemical modification of the
present work, we have established a new synthetic method
for B. Thus, the electrophilic fluorination reaction of easily
available 1,3-diketon&'? with Selectfluor in the presence
of tetrabutylammonium hydroxide (TBAH) took place
smoothly under mild conditions to gi&in 77% yield. After
ketalization of the carbonyl groups under basic conditidns,
lithiation of 4 with n-BuLi and subsequent reaction with
tributylstannylchloride gave the counterpart mononser
Oligothiophene®BCB, BTB, andBTTB were prepared via
Stille coupling of5 with the corresponding dibromothiophenes
followed by acidic deprotection of the ketal groups. These
oligomers were unambiguously characterized by spectro-
scopic measurements and elemental anal{%s&s. enable
physical measurements and FET evaluation, purification was
done by recrystallization fof CT, BCB, andBTB or by
repeated sublimation under a high vacuum BarTB.

Single crystals of TCT and BCB for X-ray crystal-
lographic analyses were grown by slow evaporation from
the CHC} solutions. Unfortunately, we were unable to obtain
single crystals oBTB andBTTB despite numerous attempts.
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There are three and two crystallographically independent
molecules in the unit cells aFCT 16 andBCB,’ respectively,

and their conformations do not deviate much from each other.
As representatively drawn in Figure 2, parts a and b, their

Table 1. Spectroscopic and CV Data for the Oligomers
FF

[®) o]
N /s N/ N s N
3T

TC'T

compd abSmax/nm?  fluya/nme E,./V? Ep /V?
TCT 467 535 +1.13¢ —1.34¢

BTB 424 476 not observed —1.24

BCB 440 494 not observed —0.66, —0.95
BTTB 4634 5644 not measured

TFT 373 436, 452 +1.63¢ —-1.72

TC'T 419 453 +1.00¢ —1.63

3T 354 406, 430 +1.15¢ nd (<—2.00)

a|n CH.Cly. P In CgHsF, 0.1 Mn-BwNPFs, V vs Fc/Fc. ¢ Irreversible.
d1n THF.

Figure 2. Molecular structures offCT (a) andBCB (b) and
packing diagrams of CT (c) andBCB (d).

figuration in TCT. Actually, solvent-dependent absorption
shifts were observed farCT (Amax= 453 nm in cyclohexane
and 459 nm in THF). Thus, while the electrochemical
oxidation peak offCT is observed between those DF T
and TC'T, the reduction peak off CT largely shifts to a

structures have transoid orientations between adjacentP0Sitive potential compared with those DFT and TC'T.

thiophene rings with expected coplanar geometries, which
probably result from intramolecular interactions between the
carbonyl oxygens on the centr@ units and the outer-
thiophene sulfur atoms; their nonbonding distances of-2.9
3.04 AforTCT and 2.91—2.97 A foBCB are shorter than
the sum (3.32 A) of the van der Waals radii. In the crystal,
the TCT molecules are arranged in a slipped face-to-face
stacking manner with interfacial distances of 38850 A

(Figure 2c). In contrast, the crystal packingB€B shows

non-stacking behavior, resulting from the lack of strong

6

DFT calculations are in agreement with these experimental
results (Figure S2 and Table S1, see the Supporting Informa-
tion). The absorption and fluorescence maxim&®8 and
BCB are observed at longer wavelength than those of
unsubstituted3T, and their oxidation potentials are not
observed within the potential window of the measurement.
These results indicate that the terminally annelated difluo-
rodioxocyclopentene groups stabilize both the HOMO and
LUMO levels with narrowing of the optical gap. Figure 3

intermolecularr—a interactions (Figure 2d). This packing _

form of BCB might be disadvantageous to high charge-
carrier transport.

The electronic absorption and photoluminescent maxima
and the cyclic voltammetry (CV) data of the newly developed
oligomers are summarized in Table 1 together with those of
reference terthiophenes. The low solubility®fTB did not
allow measurement by CV. The absorption and fluorescence
maxima of TCT are markedly red-shifted relative to those
of TFT8 andTC'T.*® This indicates that th€ unit not only
contributes to keeping the effective conjugation but also has
stronger electron-accepting ability than those of Fhand
C’ units, leading to a unique doneacceptor—donor con-

(16) Crystal data fofCT: C15HgO2F,Ss, M = 352.39, monoclinic, space

current / au

— TCT
— BTB
— BCB

+2.0

10 0 1.0
E vs Fc/Fc* [V

-2.0

Figure 3. Cyclic voltammograms offCT, BTB, and BCB in
CsHsF containing 0.1 Mh-BwNPF; at a scan rate of 100 mv's

groupP2y/c (no. 14),a = 15.6617(5) Ab = 14.8817(5) Ac = 17.7747-
6) A, B =91.2299(10)°V = 4141.8(2) B, Z = 12, D¢arc = 1.695 g cm3,
Fooo) = 2136.00, = 5.618 cnt! (Mo Ko; A = 0.71075 A), 51159
reflections measured, 12597 unig&es= 0.0678 forl > 20(1), WR= 0.1456
for all data.

(17) Crystal data foBCB: C,;H206F6Ss, M = 560.41, monoclinic, space
groupC2/c (no. 15),a = 29.607(2) A,b = 13.3040(10) Ac = 17.5390-
(12) A, = 113.503(3)°V = 6335.3(8) B, Z = 12, D¢arc = 1.763 g cmi3,
Fooo) = 3336.00,u = 40.939 cm! (Cu Ko; 4 = 1.54187 A), 34060
reflections measured, 5736 uniqées= 0.0795 forl > 20(l), WR=0.1713
for all data.

Org. Lett, Vol. 10, No. 5, 2008

shows the cyclic voltammograms ©CT, BTB, andBCB.

It is worth mentioning that, although an irreversible wave is
observed fof CT, BTB displays a reversible reduction wave
with the half-wave potential d&;, = —1.17 V. This shows
that the end-capping with the difluorodioxocyclopentene unit
can stabilize the formation of radical anionic species.
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Moreover, the introduction of a difluorodioxocyclopentene [ N

unit at all thiophenes causes two reversible reduction waves

to arise and further positively shift tHg, values to—0.62 (a) (b)

and —0.91 V for BCB. This reversibility of the reduction 15 Ve =100y 107 4

may contribute to forming a stable conductive channel in < /55/50'\,: 10 ey

OFET devices. Fr U o -/ =
The potential ofTCT, BCB, BTB, andBTTB as n-type 2 ’/;V “glo7 // / 2‘8

organic semiconductors has been examined by field-effect 35 T v 10-8 L

electron mobility. The source and drain Au electrodes of FET Ry oy 100 1) <

with bottom-contact geometry were pre-patterned on & SiO 0 = T gl

dielectric layer thermally grown on a p-doped silicon gate 0 0 40 B 80 0 72002940 €0 &0

Vps/V Vas! V

substrate, and films of these oligomers were deposited on
the HMDS-modified Si@layer with a thickness of 300 nm  Figure 4. (a) Output characteristics @TTB on bottom-contact
under a high vacuuri®. Neither TCT film nor BCB film geometry and (b) transfer characteristicsBdfTB on top-contact
deposited at room temperature showed FET behavior. On98°metry at 100 V of drain voltage.

the other hand, as summarized in Table 2, B¥B and

V~1 s71 with the threshold voltage of 38 V and the on/off

_ current ratio of 9.9 10%, which is rather good performance

Table 2. Field-Effect Characteristics @TB andBTTB among fluorinated oligothiophene systeths?

compd geometry TpCe wem?V-lsl Iy ViV In summary, we have developed new oligothiophenes
BTB bottam ” 2.8 x 105 L 6x10° a1 co_ntamlng d|f|uoroq|oxocyclopentene—aqnelated thiophene
BTTB  bottom ot 9.0 x 10-4 6.0 x 108 44 units. Spectroscopic and electrochemical measurements
BTTB  bottom 90 14 x 10°8 2.1 x 108 47 revealed that these oligomers have low-lying LUMO levels
BTTB  bottom 110 1.1 x 103 95 x 104 48 while maintaining effective conjugation. The quaterthiophene
BTTB  top rt 1.3 x 1072 9.9 x 10+ 38 revealed good performance as an electron-transporting mate-

rial on OFET devices. A major stimulus for further studies
is the elucidation of the structuré-ET-property relationship
as well as the application to electron-transporting components

BTTB films deposited at room temperature showed n-type of organic electronics such as photovoltaic devices.

FET behavior, and the field-effect electron mobilityR¥fTB

is 1 order of magnitude higher than that obtained \&irB. Acknowledgment. The authors acknowledge Dr. N.
When the substrate temperature during the deposition ofKanehisa at the Faculty of Engineering, Osaka University,
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