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Dioxopyrrolopyrrole derivatives with electron-withdrawing
groups have been synthesized and applied to organic field-effect
transistors as n-channel semiconductors. A derivative with
an intermolecular hydrogen-bonding network showed a good
electron mobility up to 2.9 x 10 2cm?V~'s7L,

n-Type organic semiconductors for organic field-effect
transistors (OFETs) have attracted considerable attention for
the fabrication of complementary logic circuits.! However, the
development of high-performance ambient-stable n-type materi-
als has lagged behind that of p-type materials due to the inherent
instability of organic anions toward oxygen and water.

Dioxopyrrolopyrrole (DPP) consisting of a fused hetero-
cycle possesses a planar 7r-electron core and two amide groups.
DPP derivatives have been used as high-performance organic
pigments with brilliant red color.? Recently, DPP-based small
molecules have been attracting much attention as materials for
organic electronics because of their promising charge trans-
porting performance in solar cells as well as OFETs.>* The
formation of multiple hydrogen-bonding networks between the
amide groups is a particularly noteworthy characteristic of DPP.
This strong intermolecular interaction makes DPPs into environ-
mentally stable pigments which can be widely used in industry.
This is also attractive for high-performance n-type materials
because a close-packed crystal structure with hydrogen bonding
enhances electron hopping between the molecules.’ Although
only one DPP-based small molecule with a hydrogen-bonding
network was reported to show FET characteristics, it shows
p-type behavior with moderate mobility of 1.43 x 1073
cm2V-1g-14b

We report here the first examples of n-type semiconducting
small molecular DPP derivatives. We introduced trifluoro-
methylphenyl (CF;Ph) groups onto the DPP core. The CF;Ph
group is expected to provide DPP with a low-lying LUMO level
suitable for electron transport.® We have also investigated the
effects of the hydrogen-bonding network between the DPP
molecules on the semiconducting properties.

DPP derivatives possessing CF;Ph groups and hydrogen-
bonding sites were synthesized as shown in Scheme 1. For
comparison, N-methyl-substituted DPP derivatives that cannot
form intermolecular hydrogen-bonding networks were also
synthesized. IR spectroscopy (Figure S1°) confirmed the for-
mation of N-H--O hydrogen bonding between the amide
hydrogen atoms and the carbonyl oxygen atoms. In the spectra
of N-methyl derivatives 2 and 4, the free-carbonyl stretching
vibration was observed at 1670 and 1661 cm™', respectively.
These bands shift to 1640 and 1634cm™' in 1 and 3,
respectively, where multiple peaks assigned to the hydrogen-
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Scheme 1. Synthesis of DPP derivatives.

Table 1. Summary of photophysical properties of DPP deriv-
atives

Solution® Film ESP0 eV
Compound - -
Aaps/nm Agy/nm Ag/nm - Solution  Film
1 514,479 530,566 538,494 231 2.07
2 486 546 502 2.53 2.15
3 582, 540 598, 652 514,609  2.03 1.75
4 596, 554 622, 672 533,640  2.00 1.65

30btained in 1 x 107> M THF solution. *Determined from the
onset of electronic absorption wavelength: £, = 1240/
A (nm).

bonded N-H are observed within the range of 2700 to
3200cm™". In the hydrogen-bonded DPP crystals, 77— inter-
actions exist along the stacking direction of molecules and four
intermolecular hydrogen bonds per molecule between the NH
group of one molecule and the oxygen atom of the neighboring
one horizontally extend to the molecular plane. Although the
single crystals of 1 and 3 could not be obtained, such a
hydrogen-bonding network is commonly observed in DPP
crystals and contributes to the large red-shifts in the spectra of
DPP solids compared with those in solution.’

The photophysical and electrochemical properties of DPPs
are summarized in Table 1. The UV-vis spectrum of 1 in the
film is red-shifted compared with that in solution due to the
strong intermolecular 77— interaction and hydrogen bonding. In
the case of 2, disappearance of vibronic structure and a large
Stokes shift in its fluorescence spectrum (60nm) (Figure S2°)
were observed, indicating loss of the molecular planarity due
to the steric interaction between the methyl group and the
neighboring phenyl ring. The distortion from planarity caused
by N-substitution reduces the overlap between the -orbitals of
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Table 2. FET characteristics of DPP derivatives®

Compound  Tyy/°C /Cl\nfz"@flfz_l Type In/li Vio/V
1 It 9.2 x 1073 n  8x103 18

100 2.9 x 1072 n  4x10% 16

2 It 3.7 x107° n 20 23

3 1t 6.9 x 1073 n  4x10* 43

100 7.9 x 1073 n  5x10* 37

4 It 1.4 x 107* n 20 37

9.6 x 107° p 7 —36

100 9.3 x 10~* n 5 34

1.3 x 107 p 2 —45

aDeposition temperature (7g,), field-effect mobility, current
on/off ratio (Io,/los), and threshold voltage (Vy,) for vapor-
deposited films of DPP derivatives on HMDS-treated SiO,.
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Figure 1. Output characteristic curves (a) and transfer charac-
teristic curves (b) for FET 1 vapor-deposited on HMDS-treated
SiO, substrates at Ty, = 100 °C.

DPP core.® The UV-vis spectra of 3 and 4 are red-shifted
compared with those of 1 and 2 in solution due to the extended
Jr-conjugation and the donor—acceptor interaction. The relatively
small Stokes shift in fluorescence spectrum of 4 indicates that
the steric interaction between the methyl group and the
neighboring thiophene ring is small and consequently distortion
of the compound is insignificant. The absorption onset wave-
length of the 4 film in which no intermolecular hydrogen
bonding exist is longer than that of the 3 film. This suggests that
the donor—acceptor interaction is stronger than the hydrogen
bonding within the molecules. Cyclic voltammograms of 1 and 2
show the first reduction peaks at —0.83 and —0.86 V (vs. SCE),
respectively (Figure S4°). The LUMO levels estimated from the
first reduction potentials are low enough for efficient electron
injection into the semiconductors. CV measurements could not
be performed on 3 and 4 due to their low solubility. The
calculated LUMO levels of them are —3.50 and —3.40¢V,
respectively (Figure S97). These values are slightly lower than
those of 1 and 2.

The field-effect mobilities measured on a bottom-contact/
bottom-gate (BC/BG) configuration device under vacuum are
shown in Table 2. The highest electron mobility of 2.9 x
102ecm? V~!'s7! was obtained in 1 deposited at Ty, = 100°C
(Figure 1). The mobility decreased by four orders of magnitude
in the film of 2 in which no hydrogen-bonding network was
formed. DPP 3 with thiophene units also exhibited good electron
mobilities up to 7.9 x 107> ecm? V=151, In N-methyl derivative
4, ambipolar behavior with a moderate hole mobility (up to
1.3 x 10 em?V~'s™!) was observed while the electron mobi-
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Figure 2. X-ray diffractograms of film 1 (left) and 2 (right)
vapor-deposited on HMDS-treated SiO, at T, = 100 °C.

Figure 3. Surface morphology of film of 1 deposited onto
HMDS-treated Si/SiO, at Ty, = 100 °C.

lity decreased one order of magnitude. Generally, field-effect
mobilities are expected to increase on the top-contact/bottom-
gate (TC/BG) configuration device compared with the BC/BG
device. Nevertheless, the electron mobility of 1 measured on a
TC/BG configuration device was 2.0 x 1072ecm? V~!s~! which
is almost the same as that on the BT/BG configuration device.

The films of DPP derivatives deposited on SiO,/Si
substrates were investigated by X-ray diffraction in a reflection
mode. Sharp reflections up to the third order were observed
on the film of 1 (Figure 2), indicating formation of lamellar
ordering and high crystallinity of 1 on the substrate. The
d-spacing obtained from the first reflection peak (20 = 5.06°) is
17.5A. Since the molecular length of 1 obtained from the
calculations is 16.2 A, this molecule is thought to be almost
perpendicular to the substrate. This is an ideal molecular
arrangement for charge transport in most bottom-gate OFET
configurations. No clear peak was observed on the film of 2 due
to its low crystallinity (Figure 2).

As shown in AFM images of film 1 (Figure 3), large grains
grew in the film. The height of grains reaches approximately
200 nm and the surface of the film is very rough. This roughness
would disturb the contact between the active layer and the
electrode in the TC/BG configuration device, which may be the
reason for no improved electron mobility.

In summary, we have synthesized DPP derivatives possess-
ing CF;Ph groups with low LUMO energies and demonstrated
that they act as n-type materials on FETs with a good mobility
up to 2.9 x 1072cm?>V~'s~!. The hydrogen-bonding network
leads to high crystallinity and well-ordered films, resulting in
good electron transporting behavior. This suggests that incor-
porating hydrogen-bonding networks is valid to create high-
performance n-type materials.
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