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ABSTRACT: Hybrid rylene arrays have been prepared
via a combination of Stille coupling and C−H trans-
formation. The ability to extend the π system along the
equatorial axis of rylenes not only leads to broadened light
absorption but also increases the electron affinity, which
can facilitate electron injection and transport with ambient
stability.

The design, synthesis, and characterization of new high-
performance organic semiconductors are important for

the development of next-generation optoelectronic devices.1 To
date, there has been a tremendous effort to narrow the gap in
performance (ambient stability, mobility, etc.) between organic
semiconductors with n-channel field-effect transistor (FET)
behavior and their leading p-channel counterparts. Naphthalene
tetracarboxylic diimides (NDIs) and perylene tetracarboxylic
diimides (PDIs) are among the most promising building blocks
for achieving this challenging goal.2 We became interested in
examining hybrid rylene arrays formed by lateral fusion of PDIs
and NDIs, since they could possibly lead to materials that
would have broad absorption and high electron affinity (EA)
and, depending on the substitution on the nitrogen atoms,
could be processable and have a strong tendency to π-stack.3,4

We are particularly interested in the design and synthesis of
novel π-extended electron-poor molecules based on rylene
diimides with unique optoelectronic properties. Recently, some
of us reported the facile homocoupling of tetrahalogenated
PDIs to give triply linked oligo-PDIs via Ullmann reaction and
C−H transformation5 and its use in obtaining a series of
functionalized graphene-ribbon-type molecules.6 Quite re-
cently, tetracene tetracarboxylic diimides have also been
synthesized via direct double ring extension of electron-
deficient NDIs involving metallacyclopentadienes.7 Herein we
present a facile one-pot synthesis of a new family of hybrid
rylene diimide arrays (3, Figure 1) via a combination of Stille
coupling and C−H transformation. In general, successful
extension of the π system along the equatorial axis of rylenes

can lead to increased optical absorption and in particular to
higher EA, facilitating electron injection and increasing the
possibility of transport with ambient stability, although there
are exceptions (e.g., expansion of perylene diimides to
coronene diimides leads to blue-shifted absorption and
increased LUMO energies).8 Indeed, the hybrid rylene arrays
exhibit excellent organic thin-film transistor (OTFT) character-
istics under ambient conditions.
Stille cross-couplings have proved to be an especially popular

tool for carbon−carbon bond formation because of the air and
moisture stability of organotin reagents as well as the excellent
functional group compatibility.9 Trialkyltin derivatives are
usually obtained from halogen-substituted aromatics via
halogen−lithium exchange followed by reaction of the lithium
intermediate with trialkyltin chloride.10 Since NDIs and PDIs
are not stable toward alkyllithiums, this approach is not
applicable, and until recently, their tin derivatives have
remained hypothetical. However, some of us have recently
reported that mono- and distannyl NDI derivatives can be
obtained by coupling of the corresponding mono- and dibromo
derivatives with Bu3Sn−SnBu3 in the presence of Pd2(dba)3
and P(o-tol)3 in toluene.11 The same procedure was used to
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Figure 1. Perylene diimides 1, naphthalene diimides 2, and hybrid
rylene arrays 3.
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synthesize the 2-tributyltin- and N,N′-dioctyl-substituted NDI 5
(Scheme 1).

Inspired by the previous creation of fused aromatic rings via
Ullmann reaction and C−H transformation, we envisaged that
the cross-coupling of this key intermediate 5 with halogenated
PDIs would provide a straightforward and promising method
for construction of fused hybrid NDI−PDI arrays via Stille
coupling and C−H transformation. Accordingly, 1,12-dichlori-
nated perylene diimide 612 was chosen as model substrate;
cross-coupling with 5 using Pd(PPh3)4 and CuI remarkably
afforded singly linked and doubly linked compounds, named
singly linked NDI−PDI 8 and hybrid NDI−PDI array 9,
respectively. Encouraged by the success of this annulation, we
used readily available 1,6,7,12-tetrachloro perylene diimides 7
to check the scope of our procedure. By this method, different
substituents can be conveniently introduced into the extended
hybrid NDI−PDI−NDI array 10.
Because of the steric encumbrance effect involving the

oxygen atoms of the NDI and the neighboring hydrogens of the
PDI, the B3LYP/6-31G*-optimized geometries of 9 and 10
predict their cores to be markedly nonplanar, while the NDI
and PDI units in the singly linked array 8 are found to be
almost perpendicular (see Figures S1−S3 in the Supporting
Information). Similarly to PDI arrays,5d the heliciform and
nonheliciform structures correspond to the lowest-energy
conformers of 9 and 10 (see Table S1).
As we expected, the hybrid rylene arrays show broad

absorption with high absorptivity over much of the visible
region, suggesting the possible application of these arrays as

active layers in organic photovoltaic cells.13 The absorption
spectrum of the singly linked NDI−PDI compound 8 is
essentially a superposition of those of the NDI and PDI units
(380 and 527 nm, respectively; Figure 2), suggesting weak

communication between the NDI and PDI, as implied by the
significant computed twist angle between the two rylene units
(see Figure S1). This conclusion is further supported by a
comparison of the computed absorption spectra of the NDI,
the PDI, and 8 (see Figure S4). In contrast, the absorption
spectra of the doubly linked hybrid NDI−PDI and NDI−PDI−
NDI arrays are more complicated, with low-energy maxima
bathochromically shifted to ca. 610 nm (Figure 2). An analysis
in terms of the orbital nature of the TD-B3LYP/6-31G*-
computed electronic transitions of 9 and 10 sheds more light
on the nature of the lowest-energy transitions. As shown in
Figure 3, the HOMOs of the arrays are mainly localized on the
PDI unit, while the LUMOs are mainly localized on the NDI
unit(s). As a result, the weak lowest-energy transition, which is
dominated by the HOMO → LUMO excitation, displays some
charge-transfer character (see Figure S6), which is also the

Scheme 1. Synthesis of Hybrid Rylene Arraysa

aConditions: (a) Pd2(dba)3, P(o-tol)3, Bu3Sn−SnBu3, toluene, reflux;
(b) Pd(PPh3)4, CuI, toluene, reflux; (c) Pd(PPh3)4, toluene, reflux.
Yields: 5 (80%), 8 (25%), 9 (33%), 10a (46%), 10b (40%), and 10c
(35%).

Figure 2. UV−vis absorption spectra of hybrid rylene arrays 8
(magenta), 9 (green), 10a (black), and 10b (blue) in chloroform
(bottom) and a comparison with the corresponding TDDFT/6-31G*-
computed spectra not including vibronic structures (top).

Figure 3. Energies and shapes of B3LYP/6-31G* frontier orbitals
(HOMOs and LUMOs) of model PDI, NDI, 8, 9, and 10, showing the
dominant orbital parentage across the hybrid rylene arrays.
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origin of the underestimation of its energy at the TD-B3LYP/6-
31G* level. The next transition, which has a higher intensity,
deserves a comment, since its energy decreases considerably in
going from 9 (ca. 480 nm) to 10 (ca. 550 nm). This band is
dominated by a π → π* electronic excitation to the LUMO
from an occupied orbital bearing the same parentage for 9 and
10. The occupied π orbital is highly delocalized on the
extended π core (see Figures S7−S8) since it results from PDI
and NDI orbitals that have suitable energy and shape to mix
strongly. Therefore, the energy of this transition decreases
remarkably with the extension of the aromatic core by fusion of
NDI and PDI units.
The redox properties of these hybrid rylene arrays were

investigated by cyclic voltammetry in dichloromethane (vs Ag/
AgCl). The half-wave reduction potentials of the representative
compounds are −0.63 and −1.11 V for NDI; −0.56 and −0.82
V for PDI; −0.49, −0.64, −0.88, and −1.17 V for singly linked
NDI−PDI 8; −0.19, −0.52, −1.14, and −1.38 V for hybrid
NDI−PDI array 9; and −0.16, −0.35, −0.63, and −0.84 V for
hybrid NDI−PDI−NDI array 10a. The first reduction
potentials of these hybrid rylene arrays are much less negative
than those of parent the NDI and PDI (Table 1), indicating

that they are considerably stronger electron acceptors. The EAs
of these compounds were estimated from the onset potentials
of the first reduction waves; those of the fused arrays are all in
excess of 4.2 eV, meeting the criterion for achieving air-stable
electron transport.3b,4c

Thin films of the hybrid rylene array 10b with thicknesses of
40−60 nm were spin-coated from a chloroform solution onto
octadecyltrichlorosilane-treated SiO2/Si substrates. Gold elec-
trodes with width/length of 1 mm/0.05 mm were applied on
the organic thin films through a shadow mask, affording a
bottom-gate top-contact device configuration. All devices were
tested under ambient conditions. The unannealed thin-film
devices showed a moderate electron mobility of 0.02 cm2 V−1

s−1. Thermal annealing of the thin films led to a substantial
improvement in the device performance. The highest electron
mobility (0.25 cm2 V−1 s−1) was achieved after annealing at 220
°C and was accompanied by a high current on/off ratio of 107

(Figure 4).
In summary, a new family of hybrid rylene arrays has been

prepared via a combination of Stille coupling and C−H

transformation. The success of π-system extension along the
equatorial axis of rylenes not only leads to a dramatically
broadened absorption spectrum but also increases the electron
affinities to facilitate electron injection and transport with
ambient stability. One of these hybrid rylene arrays exhibits
excellent OTFT characteristics under ambient conditions.
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