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A series of core-perfluoroalkylated perylene bisimides (PBIs) have been efficiently synthesized by copper-mediated perfluoroalkylation of
dibrominated PBIs. Their aromatic cores are highly twisted due to the steric encumbrance in the bay regions as revealed by single-crystal
X-ray analysis. The organic field-effect transistors (OFETS) incorporating these new n-type semiconductors show remarkable air-stability and
good field effect mobility.

Over the past decade, organic semiconducting materials have Of the n-type materials, derivatives of perylene-3,4:9,10-
attracted much attention due to their potential use in organic tetracarboxylic acid bisimides (PBIs) are of increasing
thin film transistors (OTFTs), light-emitting diodes (LEDs), interest, due to their exceptional optical and electronic
photovoltaic cells, and sensdrsOrganic semiconducting  propertie$” and have already been used in a variety of
materials are commonly classified as either p-type (hole- device architectures:10

conducting) or n-type (electron-conducting) depending on

which type of charge carrier is more efficiently trapsported (3) For recent reviews, see: (a) Katz, H. E.. Bao, Z.: Gilat, SAtc.
through the material. To this end, stable organic p-type chem.Res2001,34, 359. (b) Dimitrakopoulos, C. D.; Malenfant, P. R. L.

i i i Adv. Mater.2002,14, 99. (c) Anthony, J. EChem. Re»2006,106, 5028.
Sem.lcor.]ducmrs h"’?ve .fUIfIHEd many of the requ_lrements for (d) Muccini, M. Nat. Mater.2006,5, 605. (e) Murphy, A. R.; Fréchet, J.
use in diverse applicatiorfddowever, n-type semiconductor . 3. Chem. Re:2007,107, 1066. (f) Zaumseil, J.; Sirringhaus, Ghem.
materials, which are essential for the fabrication of organic Rev.2007,107, 1296.

o : (4) Bao, Z.Adv. Mater.2000,12, 227.
complementary circuits, are far less developed, reflecting low (5) Dimitrakopoulos, C. D.. Mascaro, D. BM J. Res. Dex2001, 45.

mobilities, instability in air, and difficulties in synthesis. (6) Wiirthner, F.Chem. Commur2004, 1564.
(7) Langhals, HHeterocyclesl 995,40, 477.
(1) (@) Pope, M.; Swenberg, C. Electronic Processes in Organic (8) (a) Tang, C. WAppl. Phys. Lett1986,48, 183. (b) Forrest, R. F.
Crystals and PolymersOxford University Press: Oxford, 1999. (b) Chem. Rev1997,97, 1793.
Inokuchi, H.Org. Electron.2006,7, 62. (c) Klauk, H.Organic Electron- (9) (@) Schmidt-Mende, L.; Fechtenkétter, A.; Mdllen, K.; Moons, E.;
ics: Materials, Manufacturing and Applicationg/iley: Weinheim, 2006. Friend, R. H.; Mackenzie, J. [Bcience2001,293, 1119. (b) Dittmer, J. J.;
(2) Facchetti, AMater. Today2007,10, 28. Marseglia, E. A.; Friend, R. HAdv. Mater.2000,12, 1270.
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One of the design principles for air-stable n-type PBIs-
based semiconductor materials is to incorporate strong  gcheme 1. Synthesis of Core-Perfluoroalkyl-Substituted
electron-withdrawing groups. Core-cyanated &ifluoro- Perylene Bisimides
alkylated PBI derivatives were reported to exhibit air-stable
high n-type mobilities! Meanwhile, the core-fluorinated
perylene bisimides have been synthesized and achieved
promising n-type semiconducting propertiés. R

We are particularly interested in bay region functional-
ization of PBIs. Recently, we reported the palladium- OO i
catalyzed cross-coupling reaction of tetrachloro-PBI with & ’ * CaFoneiCFRal — o =
BusSnSSnBu and facile one-pot synthesis of novel triply OO
linked diperylene bisimide®:1* Stimulated by these results, o
we decided to synthesize bay-perfluoroalkylated perylene 1
bisimides, which are expected to possess substantially
improved n-type semiconducting properties.

To our knowledge, perfluoroalkylation of halogenated
PBIs via perfluoroalkyl-copper intermediates have not been

3(n=7)

reported to date, although the copper-mediated cross-coupling
R = 2a,3a :%:> /j\(z 2 oo

reaction between aryl halides and perfluoroalkyl iodides has
been successfully used to synthesize perfluoroalkylated aryl
compoundg$® Herein we present a convenient synthesis of

core-perfluoroalkylated PBIs. We also elucidate the molec-
ular packing arrangement in single crystals, and preliminary
results reveal good n-channel transistor performance and air-substituted perylene bisimide with unsymmetrical twisting
stability for field-effect transistors (FETS). of ~18 and ~28,'? while the tetrachloro-substituted

Perfluoroalkylation via copper coupling of 1,7-dibromo
perylene bisimides with perfluoroalkyl iodides gives excellent
yields of core-perfluoroalkylated PBIs (Scheme 1). Three
different substituentsa( b, and c) and different-length
perfluoroalkyl chain are used to explore the general scope
of this method. All the desired productag| 3a, 2b, and2c) )5\
were characterized by4 NMR, 3C NMR, mass spectrom- =
etry, and elemental analyses (see Supporting Information).

To assess the effect of the bay substituents on molecular
order in the solid state, attempts were devoted to single- Ia} (b)
crystal growth. Ultimately, crystals suitable for single-crystal
X-ray analysis were obtained by slow evaporation of
chloroform solutions oRb and 2c, respectively. The mo-
lecular structure and crystal packing @b and 2c are
depicted in Figure 1.

Two molecules oRb and2c were found in the unit cell.

As can be seen from Figure la and 1b, owing to the steric
encumbrance effect of perfluoroalkyl substituents, the perylene
cores are highly twisted as expected. However, the twisting
of the central six-membered ring is surprisingly unsym-
metrical with dihedral angles of 26.4nd 29.6%or 2b and
25.0°and 28.9%or 2c, which are similar to the tetrafluoro-

(10) Ling, M.; Erk, P.; Gomez, M.; Koenemann, M.; Locklin, J.; Bao,
Z. Adv. Mater.2007,19, 1123.

(11) Jones, B. A.; Ahrens, M. J.; Yoon, M.; Facchetti, A.; Marks, T. J.;
Wasielewski, M. RAngew. Chem., Int. E®004,43, 6363.

(12) (a)wdrthner, F.; Osswald, P.; Schmidt, R.; Kaiser, T. E.; Man-
sikkamaki, H.; Kbnemann, MOrg. Lett.2006,8, 3765. (b) Schmidt, R.;
Ling, M. M.; Oh, J. H.; Winkler, M.; Kénemann, M.; Bao, Z.; Wirthner,
F. Adv. Mater.2007,19, 3692.

(13) Qian, H. L.; Liu, C. M.; Wang, Z. H.; Zhu, D. BChem. Commun. (d)
2006, 4587.

14) Qian, H. L.; Yue, W.; Wang, Z. H.; Zhu, D. B. Am. Chem. Soc. . .
20(()77)1%‘ 10664. 9 Figure 1. Molecular structure o2b (a) and2c (b). Crystal packing

(15) Facchetti, A.; Deng, Y.; Wang, A.; Koide, Y.; Sirringhaus, H.; of 2b (c) and2c (d).
Marks, T. J.; Friend, R. HAngew. Chem., Int. E®000, 39, 4547.
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perylene bisimide has a torsional angle of°3% The S—S, transition with a maximum at 510 nm f@a and3a,
unsymmetrical twisting o2b and 2c is probably due to 506 nm for2b, and 508 nm fo2c, hypsochromically shifted
different conformations of perfluoroalkyl chains and packing by 16, 20, and 18 nm, respectively, in comparison with parent
effects in the crystal lattice. PBI derivativest” The absorption and emission spectra of

The crystal packing arrangementsiifand2c are shown 2aand3aare not significantly influenced by the number of
in Figure 1c and 1d, which reveal that the molecules are fluorine substituents when the fluorinated alkyl chains contain
arranged in stacks along theaxis of the unit cell. The  four or more carbon atoms. It should be also noted that the
stacked molecules share more than 50% of their core surfaceabsorption and emission maxima &b and 2c are only
between which the interplanar separation corresponds ap-slightly hypsochromically and bathochromically shifted in
proximately to a distance of 3.69 A f@b and 3.52 A for comparison with2a, which suggests that introduction of
2c. The closest intermolecular contact is of 3.51 A 2dr perfluoroalkyl chains directly to the aromatic core has a more
and 3.35 A for2c (Figures S+S4, Supporting Information).  substantial influence on the optical properties thidn

perfluoroalkylation. The core-perfluoroalkylated PBls pre-
s sented here possess small Stokes shifts (16—22 nm) and
exhibit very high fluorescence quantum yields (G-@197).

The electronic consequences of core-perfluoroalkylation
of PBIs were also investigated by cyclic voltammetry.
Voltammograms of2a—2c and 3a exhibit two reversible
reduction waves (Table 2), whereas within the accessible

Table 2. Half-Wave Reduction Potentials (in V vs Fc/foof
Core-Perfluoroalkyl-Substituted Perylene Bisimidss 3a, 2b,
and2¢

e/M'em”

: E (PBI"/PBI?*") E (PBI/PBI")
\ 2a —0.99 —0.67

\m 3a —0.99 —0.67

T 1 2b —0.88 —0.60
600 700

L.

Wavelength (nm)

2c —0.98 —0.72

2 Measured in 0.1 M solution of BMPFs in dichloromethane with a

Figure 2. UV—vis absorption (solid line) and fluorescence SCan rate of 50 mvis.

emission (dash—dot line) spectra2d (black line),3a (red line),
2b (olive line), and2c (blue line) in chloroform.

scanning range in dichloromethane no oxidation waves could
be detected.

The absorption and fluorescence spectra of core-perfluo- The first reduction waves foRa, 3a were observed at
roalkylated PBI2a, 3a, 2b, and2c are shown in Figure 2, —0.67 V vs Fc/F¢, whereas the second reduction waves
and the summarized optical data are given in Table 1. appeared at-0.99 V. Both first and second reduction waves

appeared at higher potentials with comparison to those of
_ PBIs and tetrafluorinated PBIs, indicating that core-perfluo-
Table 1. UV—vis Absorption and Fluorescence Emission roalkylation induces strong electron-accepting ability. Due

Properties of Core-Perfluoroalkyl-Substituted Perylene Bisimides o the addlt_lonal electron afﬁmty of quo_roaIkyI chains at
2a, 3a, 2b, and2c in Chloroform the N-substituents, the reduction potentials2if are less

negative than those @&a and?2c.

Aabs (nm) ¢ M em™) fem (n10) Pa® Electron-withdrawing fluorinated substituents are expected
2a 510 55337 526 0.92 to both benefit the ambient stability of n-type organic
3a 510 57220 526 0.91 semiconductors because of the stabilization of charge carriers
2b 506 60079 528 0.94 and lead to closer packing through fluorocarbon self-
Ze 508 49425 528 0.97 segregation. Accordingly, preliminary studies on FET devices
@ Average deviation for®;, +0.04.P Determined withN,N'-di(2,6- made of2b and2c were carried out. The devices were made

diisopropylphenyl)perylene-3,4:9,10-tetracarboxylic acid bisimide as refer-

ence. in a “top contact” geometry; 60 nm thick organic active

layers were evaporated onto a octadecyltrichlorosilane
(OTS)-treated Si@ (400 nm,C; = 9 nF/cn¥)/n-doped Si

substrate. Gold film (22 nm) was evaporated on the organic
semiconductors as the source/drain electrodes. Figure 3
shows the transfer characteristics of the fabricated OTFTs

The absorption spectra of core-perfluoroalkylated com-
pounds show a well-defined vibronic fine structure of the

(16) Chen, Z.; Debije, M. G.; Dabaerdemaeker, T.; Osswald, P.;
Wirthner, F.ChemPhysCher004,5, 137. (17) Seybold, G.; Wagenblast, ®Byes Pigm.1989,11, 303.
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Table 3. Summary of Field Effect Mobilitiesi(), On/Off
Ratios (bylo), and Threshold Voltaged/() for 2b and2c
Prepared on OTS-Treated Substrates at Room Temperature
(25°C)
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Figure 3. (a) Transfer characteristics 8b in ambient atmosphere.
(b) Transfer characteristics @t in ambient atmosphere.

of 2b and2c. The measurell-V characteristics of devices
based on both semiconductors are summarized in Table 3
As a representative, the FET mobility b in ambient air
was 0.003 crhV~! s71, the on/off ratio was 4x 10° and

the threshold voltage was 4.7 V. Comparatively, the mobility
of compound2c in ambient air was as high as 0.052%<m
V~1 s the on/off ratio was 8x 1P, and the threshold
voltage was 57 V. It should be noted the good charge carrier
mobility value and on/off ratio of compourZt are almost

532

u (cm2V-1g71) Ton/Ioge Vi (V)
2b (in ambient air) 0.003 4.0 x 103 4.7
2c (in ambient air) 0.052 8.0 x 106 57
2¢? (in vacuum) 0.053 3.4 x 107 27
2¢? (in vacuum) 0.014 2.9 x 108 30
2cb(in ambient air) 0.009 4.7 x 108 45

aThe values were obtained by TTP-6 Probe Station Desert Cryogenics,
LLC. P The values were obtained from the TFT of compo@udwhich
were stored in ambient air for 6 months.

unchanged for devices operated in air. The better perfor-
mance of2cis probably due to its slightly more compressed
packing arrangement.

In conclusion, we report a highly efficient synthetic
methodology toward the core-perfluoroalkylated perylene
bisimides from readily available dibrominated PBIs. The
introduction of electron-deficient perfluoroalkyl chains di-
rectly on the core has substantial influence on the optical
and electronic properties of PBIs. The OFETSs incorporating
this new n-type semiconductor shows remarkable air-stability
and good charge carrier mobility. Further optimization of
the fabrication process to improve its performance is cur-
rently underway.
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