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Organic semiconductors have become indispensable building
blocks in the quest for cost-effective production of next-
generation flexible electronic devices such as organic photo-
voltaics and organic light-emitting diodes.[1] Despite initial
concerns regarding their efficacy, the performance of p-type
(hole-transporting) organic semiconductors has steadily
improved to the extent of demonstrating charge carrier
mobilities exceeding that of amorphous silicon.[2] Although
the performance of these p-type materials has typically
exceeded that of their n-type (electron-transporting) counter-
parts, n-type semiconductors are essential in applications,
such as complementary circuits[3] and organic photovoltaics.[4]

The preparation of n-type materials, however, is hampered by
the intrinsic instability of organic anions in an oxidative
atmosphere and the inherently low electron affinities of
unsubstituted arenes/heteroarenes.[5] To produce n-type mate-
rials with increased electron affinities, the most straightfor-
ward approach involves the attachment of electron-deficient
groups onto a p-conjugated core, and indeed, the diimides of
rylenes such as naphthalene and perylene comprise one of the
most well-studied classes of n-type organic semiconductors.[6]

Since the rylene diimides contain two electron-deficient
imide groups that impart n-type character to an otherwise p-
type polycyclic hydrocarbon, we focused our attention on
a core structure that can support more than two imide
substituents. Multiple imide substituents may increase the
electron affinity of the parent material, thereby facilitating
electron injection, and charge transport. However, the
incorporation of multiple imide groups is a synthetic chal-
lenge, and only a few examples of tri- and tetraimides have

been prepared through lengthy and/or low-yielding synthetic
routes—either through oxidative Diels–Alder reactions on
rylenes[7] or equatorial fusion of rylene diimides.[8] Herein, we
provide a facile and efficient pathway towards novel triimides
supported by the polycyclic hydrocarbon decacyclene (1,
Scheme 1) that results in a promising class of n-type organic
semiconductors.

First reported at the turn of the 20th century,[9] decacy-
clene is a commercially available 10-ring fused polycyclic
hydrocarbon with three-fold symmetry. Produced in one step
from the oxidative cyclotrimerization of acenaphthene,
decacyclene has been previously explored for its ability to
reversibly accept up to four electrons.[10] Nevertheless, in spite
of this impressive electrochemistry, the n-type properties of
decacyclene derivatives have only been studied once,[11] with
more attention being directed to its electron-donating char-
acter in radical cation salts.[12]

A noteworthy feature of decacyclene is its inherent
potential to support multiple functional groups. For instance,

Scheme 1. Synthesis of decacyclene triimides. Reagents and condi-
tions: a) 1-piperidinecarbonyl chloride, aluminum chloride, o-dichloro-
benzene, 135 8C, overnight; then 175 8C, 4 days (48%); b) 48% hydro-
bromic acid (aq), reflux, 1 h (97%); c) primary alkylamine, N,N-
dimethylformamide, 120 8C, 24 h (38–61%).
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its hexa-tert-butyl derivative has been demonstrated to
operate as a single molecular rotor within a supramolecular
bearing at room temperature.[13] Decacyclene has also been
reported to undergo a triple Friedel–Crafts acylation to afford
a trialkanoyl discotic liquid-crystalline derivative.[14] More-
over, as decacyclene can be considered to be composed of
three acenaphthene subunits, we surmised that the chemistry
of acenaphthene could be applied directly to decacyclene,
allowing for electrophilic substitution at the most reactive 3-,
4-, 9-, 10-, 15-, and 16-positions of the conjugated
core. Accordingly, we devised an approach to syn-
thesize a triimide of decacyclene by adapting the
reported procedures of generating 5,6-acenaphthali-
mide from acenaphthene.[15]

The decacyclene triimides (DTIs) were prepared
in three high-yielding steps, with the key reaction
being the Friedel–Crafts carbamylation of decacy-
clene using 1-piperidinecarbonyl chloride to afford
the hexaamide 2 (Scheme 1). The carbamylation of
decacyclene was initially attempted with dimethyl-
carbamyl chloride using the reported conditions for
the double Friedel–Crafts carbamylation of acenaph-
thene,[15] but an intractable mixture of materials was
produced because of poor solubility. Alternatively,
the use of diethylcarbamyl chloride afforded a highly
soluble amide material, but de-ethylation of the ethyl
groups followed by cyclization to the N-ethyl imide
was observed under prolonged heating at high
temperatures (> 150 8C; see Figures S1 and S2 in
the Supporting Information and additional details therein).
Remarkably, switching to the cyclic piperidinecarbonyl chlo-
ride yielded a product that was significantly robust under the
harsh Friedel–Crafts conditions at 175 8C and the resulting
hexaamide 2 was sufficiently soluble to be purified by column
chromatography.

As far as the authors know, this is the first reported
instance of a hextuple Friedel–Crafts carbamylation of a con-
jugated small molecule. Furthermore, the carbamylation
proceeded regioselectively with no concomitant formation
of the higher amides (e.g. hepta- or octaamide). We consider
this step a unique reaction, in light of the strong deactivation
of the decacyclene core arising from the successive addition of
each carbamyl group. Whereas multiple Friedel–Crafts alky-
lation reactions are known—and in many cases, uncontrol-
lable, and hence undesirable, multiple Friedel–Crafts reac-
tions that install carbonyl groups (carbamylation or acylation
reactions) are difficult to perform because of the highly
deactivating properties of the electron-deficient carbamyl/
acyl groups. Indeed, while the first four carbamyl groups were
readily appended onto the decacyclene core, the reactions to
install the fifth and particularly the sixth carbamyl groups
required several days at elevated temperatures to be com-
pleted, as indicated by thin layer chromatography.

To finish the synthesis of the DTIs, the hexaamide 2 was
hydrolyzed and cyclized by hydrobromic acid to provide the
trianhydride 3. The anhydride was finally condensed with
a variety of primary amines to afford the correspondingly
substituted DTIs 4. Branched amines were chosen to improve
the solubility of the large p-surface DTI system, affording

DTIs 4a and 4 b. DTI 4 c with an n-octyl substituent was also
prepared, but the exceedingly low solubility decreased the
yield and hindered its chemical and physical characterization.

All of the DTIs are colored red/orange in the solid state
and are yellow in dilute chloroform solutions and red/orange
in concentrated solutions. UV/Vis absorption studies of DTIs
4a and 4b displayed strong absorption bands across the
visible region from about 300–550 nm (Figure 1a). Due to its
three-fold symmetry, the DTIs have doubly degenerate

frontier molecular orbitals, and thus, the transition from S0

to the lowest excited state of S1 is symmetry forbidden.[16]

Therefore, the overall absorptivity of the molecule is in
principle diminished, as it is associated with transitions to
higher excited states. Nevertheless, the absorption coefficient
at the maximum absorption wavelength of 433 nm is consid-
erably high (e = 86900m�1 cm�1). The absorption bands in the
solid state broaden significantly compared to those in
solution, suggestive of considerable aggregation in the con-
densed state. Furthermore, the difference between the optical
band gaps of DTI 4a (2.20 eV) and 4b (2.16 eV) indicates that
DTI 4b may aggregate more extensively than 4a.[17] The DTIs
also exhibited a weak orange-yellow fluorescence in organic
solvents (e.g. chloroform and toluene; Figure 1 b). The
fluorescence quantum yields of DTIs 4a and 4b in chloroform
were 8 and 11 %, respectively, relative to a standard of
fluorescein in 0.1m NaOH.

Cyclic voltammetry (CV) of DTIs 4a and 4b showed
multiple reversible reduction waves with no observable
oxidation waves (Figure S3). Using a ferrocene–ferrocenium
(Fc/Fc+) redox couple as an internal standard (4.80 eV below
the vacuum level), lowest unoccupied molecular orbital
(LUMO) levels of �3.61 and �3.63 eV were determined for
DTIs 4a and 4b, respectively, indicating a negligible influence
of the N-alkyl substituent on the energy levels. Highest
occupied molecular orbital (HOMO) levels of �5.81 and
�5.79 eV for DTIs 4a and 4b, respectively, were estimated
from the optical band gaps. The first and second reduction
steps of the DTIs give the mono- and dianions, respectively,
and the ground state of the dianion is a triplet because of the

Figure 1. Optical properties of the decacyclene triimides. a) UV/Vis absorption
spectra of DTIs 4a (orange) and 4b (blue) in chloroform solution (solid lines)
and in the solid state (dotted lines); b) UV/Vis absorption (solid lines) and
fluorescence (dashed lines) spectra of DTIs 4a (orange) and 4b (blue) in
chloroform.
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doubly degenerate LUMO level.[16a] Because of the low-lying
LUMO, the triplet dianions of the DTIs are easily accessible
through electrochemical reduction, making these materials
potentially interesting for applications such as organic
ferromagnets.

Despite the presence of three electron-withdrawing imide
groups, the LUMO levels of the DTIs were approximately
equal to (or slightly higher than) the measured LUMOs of the
most well-known diimides: naphthalene diimide (NDI) and
perylene diimide (PDI, Table 1). According to valence bond
theory, the p electrons of decacyclene cannot be delocalized
over the entire core, implying that the three acenaphthalimide
units are partially independent moieties. Complete overlap of
the molecular orbitals in the DTI is thus inhibited, contribu-
ting to a LUMO level that is approximately equal to those of
the fully delocalized diimides. However, there is indeed some
communication between the three imide groups, as evidenced
by the lower LUMO level of DTI compared to that of
naphthalene monoimide (NMI).

The energy levels of decacyclene and the various imide
materials were further probed by density functional theory
(DFT) calculations at the B3LYP/6-31G* level of theory
(Figure S4). The calculations confirmed the doubly degener-
ate molecular orbitals of DTI and decacyclene, which is in
contrast to the orbitals of PDI, NDI, and NMI. Moreover, the
incompletely delocalized HOMO of decacyclene likely con-
tributes to the success of the hextuple Friedel–Crafts carba-
mylation, as the addition of each carbamyl group only
partially deactivates the remaining reactive positions on the
ring. Indeed, DFT calculations revealed that significant
electron density was still located on the reactive sites of the
amide intermediates (see Figure S5). The HOMO of DTI is
dominated by the HOMO of the decacyclene core, whereas
the LUMO of DTI conveys elements of the LUMOs of
decacyclene and NMI. Finally, the LUMOs of NDI and PDI
are extensively delocalized over the entire molecule, and in
contrast, the LUMO of DTI is only partially delocalized over
two of the acenaphthalimide subunits, with minimal delocal-
ization over the third acenaphthalimide unit.

Because polycyclic hydrocarbons such as decacyclene and
perylene diimides are known to self-assemble into well-
defined nanostructures due to strong intermolecular p–p

stacking,[18] we investigated the potential self-assembly of the
DTIs. As revealed by scanning electron microscopy (SEM),
DTI 4 a formed hexagonal pillars approximately 1 mm wide

and up to 3 mm long (Figure 2a) when drop-cast from
tetrahydrofuran (THF) solution. These structures were also
analyzed by high-resolution transmission electron microscopy
(HRTEM, Figure 2c), which disclosed the presence of lattice
fringes that supported the inherent crystallinity of the
hexagonal pillars. Even though TEM-selected area electron
diffraction (TEM-SAED) of a single nanostructure revealed
a relatively weak scattering, the Fourier transform of the

Table 1: Optoelectronic properties of the imides.

UV/Vis Solution Cyclic Voltammetry DFT Calculations[g]

lmax

[nm][b]
e

[m�1 cm�1][c]
HOMO
[eV][d]

LUMO
[eV][e]

Eg,opt

[eV][f ]
HOMO

[eV]
LUMO

[eV]
Eg

[eV]

DTI[a] 433 86900 �5.81 �3.61 2.20 �6.33 �3.37 2.96
PDI[a] 527 10 4600 �5.85 �3.70 2.15 �6.00 �3.46 2.54
NDI[a] 382 25600 �6.74 �3.62 3.12 �7.04 �3.41 3.63
NMI[a] 335 14800 �6.09 �2.69 3.40 �6.48 �2.41 4.07

Energy levels are referenced to vacuum. [a] N-9-heptadecanyl-substituted imides. [b] Maximum absorption wavelength in CHCl3 solution. [c] Molar
extinction coefficient at lmax. [d] HOMO level calculated by subtracting the optical band gap from the electrochemical LUMO level. [e] LUMO level
calculated from the onset of the reduction wave and the half-wave potential of the ferrocene internal standard. [f ] Optical band gap calculated from the
absorption onset in the solid state. [g] DFT calculations of the N-methyl substituted imides.

Figure 2. Self-assembly of DTI 4a. a) SEM image of hexagonal pillars
formed by DTI 4a when drop-cast onto a silicon substrate from THF
solution. The hexagonal nanostructures were preferentially oriented
perpendicular to the surface. The pillars measured up to 1 mm wide
and up to 3 mm long (scale bar 2 mm); b) Space-filling model of the
PM3-optimized geometry of 4a bearing N-9-heptadecanyl substituents.
The decacyclene core measured 13.2 �, and the entire size of the
molecule (26.2 �) was calculated by ‘

ffiffiffi

3
p

=2
� �

where ‘ is the length
(30.3 �) between two terminal methyl groups on adjacent imides;
c) TEM image showing lattice fringes of a single hexagonal pillar base
(scale bar 20 nm). The red square indicates the area of the image
where the Fourier transform was extracted; d) Fourier transform
obtained by analyzing the red square in Figure 3c. The Fourier trans-
form showed the presence of a hexagonal pattern with a d-spacing of
18.5�1.4 � that supported the inherent crystallinity of the hexagonal
pillars. The experimental error was calculated as the full width half
maximum (FWHM) value of the intensity of the Fourier transform
peaks.
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highlighted area in Figure 2c showed a hexagonal pattern
(Figure 2d) that is compatible with the hexagonal packing of
the molecules. The d-spacing extracted from the Fourier
transform is (18.5� 1.4) �, while the calculated lengths of the
DTI core and the entire DTI 4a are 13.2 and 26.2 �,
respectively (Figure 2b). These data suggest that DTI 4a
organizes into circular stacks with a calculated radius of
17.5 �, which correlates well with the observed d-spacing (see
Figure S6). Because the DTI 4a pillars tended to self-
assemble perpendicular to the substrate, it was not possible
to image along the longitudinal axis of the pillars by TEM-
SAED. Nonetheless, DTI 4a is expected to form p-stacks
along this direction, as supported by the propensity of
decacyclene to self-assemble via p–p stacking[18a] as well as
our experimental observations of DTI 4b. Interestingly, the
ability of DTI 4a to self-assemble into ordered 3D nano-
structures is markedly different from similarly substituted
PDIs, where the steric hindrance of the swallow-tail substitu-
ents has been known to inhibit self-assembly.[18b]

In contrast, DTI 4b notably formed ultralong fibers with
high aspect ratio when drop-cast from o-DCB solution. As
reported in Figure 3a, these fibers were about half a micron
wide (Figure 3 c and Figure S7) and up to a millimeter long

(see Figure S8 in the Supporting Information). HRTEM
displayed the presence of lattice fringes that confirmed the
crystallinity of the fibers (see Figure S9), and two d-spacing
values, one along the longitudinal fiber axis (3.69� 0.05 �)
and another in the transverse direction (20.8� 1.8 �), were
derived from TEM-SAED (Figure 3d). The calculated length
of DTI 4b is 22.1 � (Figure 3 b), indicating that the molecules
are oriented with their planes along the transverse direction
of the fibers, while assembling by p–p stacking along the
longitudinal fiber axis (see Figure S9). When deposited from
THF solution, DTI 4b produced thicker and shorter fibers
compared to those obtained from o-DCB solution (see
Figure S10).

Self-assembly is a desirable tool in the field of organic
electronics because of the possibility to pattern multidimen-
sional platforms using a bottom-up approach. Indeed, spatial
control of material building blocks is instrumental in the
fabrication of structures on a multiple length scale, and this
concept has been demonstrated with the DTIs. The self-
assembly of the DTIs into either discrete columnar or
fiberlike structures is an attractive feature for their potential
use in organic semiconducting devices, where continuous
crystalline domains that are characterized by p–p stacking can
provide efficient pathways for charge transport. Furthermore,
the DTIs with appropriately branched substituents (4a and
4b) display excellent solubility (> 20 mg mL�1) in organic
solvents (e.g. chloroform, o-DCB), affirming them as promis-
ing components in solution-processable devices. The large p-
surface of these materials coupled with the three electron-
deficient imide groups augurs well for their electron-trans-
porting capability.

The DTIs studied here have similar electronic levels to
PCBM (LUMO =�3.7 eV and HOMO =�6.1 eV), the most
commonly used acceptor in bulk heterojunction organic solar
cells, suggesting that they may form type II heterojunctions
with many semiconducting polymers. Indeed, preliminary
photovoltaic devices fabricated using a poly(3-hexylthio-
phene) (P3HT):DTI 4a blend have power conversion effi-
ciencies (PCEs) of 1.60 % (Figure 4), which greatly surpass
the efficiencies (< 0.5%) of analogous P3HT cells using
PDIs.[19] In detail, a short circuit current density (Jsc) of
4.87 mAcm�2, an open circuit voltage (Voc) of 0.58 V, and a fill
factor (FF) of 0.57 were observed for these devices, which
employed a conventional architecture of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfo-
nate) (PEDOT:PSS)/active layer/LiF/Al (see the Supporting
Information). Notably, the use of PDIs as the acceptor
component typically achieves FFs of at most 0.38,[19] which
restricts the overall PCEs of these systems. In contrast, the
high FF of the DTI 4a devices is indicative of efficient charge
extraction because of its molecular ordering.[20] Photovoltaic
devices using a P3HT:DTI 4b blend showed a PCE of 0.03 %,
and they exhibited significant leakage current, as demon-
strated by the dark and light J–V curves at reverse biases (see
Figure S11). DTI 4b has been observed to more readily
crystallize with respect to DTI 4a, and this effect can explain
the difference in performance between the two materials.
Further experiments to investigate the structural and mor-
phological properties of the solar cells as well as to optimize

Figure 3. Self-assembly of DTI 4b. a) SEM image of ultralong fibers
formed by DTI 4b when drop-cast onto a silicon substrate from o-DCB
solution. The fibers were half a micron wide and up to a millimeter
long and preferentially assembled into thicker bundles (scale bar
100 mm). b) Space-filling model of the PM3-optimized geometry of 4b
bearing 2-ethylhexyl substituents. The decacyclene core measured
13.2 �, and the entire size of the molecule (22.1 �) was calculated by
‘

ffiffiffi

3
p

=2
� �

, where ‘ is the length (25.5 �) between two terminal methyl
groups of the hexyl chains on adjacent imides. c) Selected area TEM
image of ultra-long fibers deposited onto a TEM carbon grid from o-
DCB solution (scale bar 0.5 mm). d) Diffraction pattern of Figure 1c.
Two d-spacings were observed, one (3.69�0.05 �) along the longitudi-
nal direction (y axis) and another (20.8�1.8 �) along the transverse
direction (x axis) of the fibers. The d-spacings were calculated with
respect to a Au (111) standard, and the experimental error was
calculated as the FWHM value of the intensity of the diffraction peaks.
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the overall efficiencies of the DTI-based devices are currently
in progress.

Moreover, the precursor to the triimides, the decacyclene
trianhydride 3, is an appealing building block for multifunc-
tional oligomeric and polymeric materials. The trianhydride is
also a potentially important monomer for dendritic Kapton�-
type oligomers and as a crosslinker for the high-performance
polymer Kapton�, possibly making it an even stronger
engineering plastic.[21]

In summary, we have developed a unique regioselective
hextuple Friedel–Crafts carbamylation that allowed the facile
synthesis of a new class of n-type organic semiconductors—
decacyclene triimides. The success of the Friedel–Crafts
reaction hinged on the crucial choice of a cyclic carbamyl
group, thereby striking a fine balance between stability and
solubility. Whereas branched alkyl-substituted perylene dii-
mides are known to aggregate into bulky amorphous struc-
tures, the self-assembly of branched alkyl-substituted deca-
cyclene triimides into ordered crystalline architectures has
been shown. The large p-surface of these triimides is critical
for their self-assembling properties that can be tuned to give
crystalline columns or fibers by modifying the alkyl substitu-
ents. In addition, the self-assembly and the strong electron-
accepting capability of the DTIs make them attractive for use
in organic semiconducting devices such as field-effect tran-
sistors and photovoltaic cells. Preliminary bulk heterojunction
solar cells fabricated using a P3HT:DTI 4a blend have
exhibited power conversion efficiencies of 1.6% and fill
factors of 0.57, which demonstrate the promising application
of these non-fullerene acceptors in organic electronics.

Experimental Section
Materials, methods, synthetic details for compounds 2 to 4, X-ray
diffraction studies on DTI 4a, cyclic voltammograms, molecular
orbital diagrams, thermal properties of the DTIs, additional SEM and

TEM images, and details concerning the fabrication and character-
ization of the photovoltaic devices are described in the Supporting
Information.
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[9] K. Dziewoński, Ber. Dtsch. Chem. Ges. 1903, 36, 962 – 971.
[10] T. Saji, S. Aoyagui, J. Electroanal. Chem. 1979, 102, 139 – 141.
[11] K. Hirota, K. Tajima, K. Hashimoto, Synth. Met. 2007, 157, 290 –

296.
[12] a) J. B. Torrance, P. S. Bagus, I. Johannsen, A. I. Nazzal, S. S. P.

Parkin, P. Batail, J. Appl. Phys. 1988, 63, 2962 – 2965; b) T.
Sugano, M. Kinoshita, Bull. Chem. Soc. Jpn. 1989, 62, 2273 –
2278.

Figure 4. Current density–voltage ( J-V) curves of P3HT:DTI photovol-
taic devices utilizing DTI 4a (light: black solid line; dark: black dashed
line).

.Angewandte
Communications

1450 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 1446 –1451

http://dx.doi.org/10.1021/cr900150b
http://dx.doi.org/10.1039/b921677d
http://dx.doi.org/10.1002/(SICI)1521-4095(199803)10:5%3C365::AID-ADMA365%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-4095(20020116)14:2%3C99::AID-ADMA99%3E3.0.CO;2-9
http://dx.doi.org/10.1039/a605274f
http://dx.doi.org/10.1002/1616-3028(200102)11:1%3C15::AID-ADFM15%3E3.0.CO;2-A
http://dx.doi.org/10.1021/cm049654n
http://dx.doi.org/10.1021/cm049654n
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1038/35006610
http://dx.doi.org/10.1002/ange.200701920
http://dx.doi.org/10.1002/anie.200701920
http://dx.doi.org/10.1002/anie.200701920
http://dx.doi.org/10.1021/cr100380z
http://dx.doi.org/10.1038/35000530
http://dx.doi.org/10.1038/35000530
http://dx.doi.org/10.1038/nature05533
http://dx.doi.org/10.1002/adma.200903697
http://dx.doi.org/10.1002/ange.200702506
http://dx.doi.org/10.1002/anie.200702506
http://dx.doi.org/10.1021/cm1023019
http://dx.doi.org/10.1021/cm1023019
http://dx.doi.org/10.1021/cm049391x
http://dx.doi.org/10.1021/cm049391x
http://dx.doi.org/10.1021/cr0501386
http://dx.doi.org/10.1021/cr0501386
http://dx.doi.org/10.1038/35006603
http://dx.doi.org/10.1002/adma.201001402
http://dx.doi.org/10.1038/nature07727
http://dx.doi.org/10.1002/adma.200903628
http://dx.doi.org/10.1039/c1cc10321k
http://dx.doi.org/10.1002/(SICI)1099-0690(200001)2000:2%3C365::AID-EJOC365%3E3.0.CO;2-R
http://dx.doi.org/10.1002/chem.200601416
http://dx.doi.org/10.1021/ja0740972
http://dx.doi.org/10.1021/ja0740972
http://dx.doi.org/10.1021/ja807803j
http://dx.doi.org/10.1021/ja807803j
http://dx.doi.org/10.1021/ja301184r
http://dx.doi.org/10.1021/ja301184r
http://dx.doi.org/10.1016/S0022-0728(79)80039-X
http://dx.doi.org/10.1016/j.synthmet.2007.03.005
http://dx.doi.org/10.1016/j.synthmet.2007.03.005
http://dx.doi.org/10.1063/1.340916
http://dx.doi.org/10.1246/bcsj.62.2273
http://dx.doi.org/10.1246/bcsj.62.2273
http://www.angewandte.org


[13] J. K. Gimzewski, C. Joachim, R. R. Schlittler, V. Langlais, H.
Tang, I. Johannsen, Science 1998, 281, 531 – 533.

[14] E. Keinan, S. Kumar, R. Moshenberg, R. Ghirlando, E. J.
Wachtel, Adv. Mater. 1991, 3, 251 – 254.

[15] a) L. A. Carpino, S. Gçwecke, J. Org. Chem. 1964, 29, 2824 –
2830; b) B. M. Trost, G. M. Bright, C. Frihart, D. Brittelli, J. Am.
Chem. Soc. 1971, 93, 737 – 745.

[16] a) R. E. Jesse, P. Biloen, R. Prins, J. D. W. van Voorst, G. J.
Hoijtink, Mol. Phys. 1963, 6, 633 – 635; b) C. J. M. Brugman, P. J.
van Scherpenzeel, R. P. H. Rettschnick, G. J. Hoijtink, J. Chem.
Phys. 1973, 58, 3468 – 3471.

[17] Z. Chen, B. Fimmel, F. W�rthner, Org. Biomol. Chem. 2012, 10,
5845 – 5855.

[18] a) H. Wang, X. Xu, L. Li, C. Yang, H.-F. Ji, Micro Nano Lett.
2011, 6, 763 – 766; b) K. Balakrishnan, A. Datar, T. Naddo, J.

Huang, R. Oitker, M. Yen, J. Zhao, L. Zang, J. Am. Chem. Soc.
2006, 128, 7390 – 7398; c) L. Zang, Y. Che, J. S. Moore, Acc.
Chem. Res. 2008, 41, 1596 – 1608; d) Z. Chen, A. Lohr, C. R.
Saha-Mçller, F. W�rthner, Chem. Soc. Rev. 2009, 38, 564 – 584.

[19] a) V. Kamm, G. Battagliarin, I. A. Howard, W. Pisula, A.
Mavrinskiy, C. Li, K. M�llen, F. Laquai, Adv. Energy Mater.
2011, 1, 297 – 302; b) W. S. Shin, H.-H. Jeong, M.-K. Kim, S.-H.
Jin, M.-R. Kim, J.-K. Lee, J. W. Lee, Y.-S. Gal, J. Mater. Chem.
2006, 16, 384 – 390; c) X. Guo, L. Bu, Y. Zhao, Z. Xie, Y. Geng, L.
Wang, Thin Solid Films 2009, 517, 4654 – 4657.

[20] M. A. Brady, G. M. Su, M. L. Chabinyc, Soft Matter 2011, 7,
11065 – 11077.

[21] E. H. Lee in Polyimides: Fundamentals and Applications (Eds.:
M. Ghosh, K. L. Mittal), Marcel Dekker, 1996, pp. 492 – 493.

Angewandte
Chemie

1451Angew. Chem. Int. Ed. 2013, 52, 1446 –1451 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1126/science.281.5376.531
http://dx.doi.org/10.1002/adma.19910030508
http://dx.doi.org/10.1021/jo01033a004
http://dx.doi.org/10.1021/jo01033a004
http://dx.doi.org/10.1021/ja00732a031
http://dx.doi.org/10.1021/ja00732a031
http://dx.doi.org/10.1080/00268976300100741
http://dx.doi.org/10.1063/1.1679678
http://dx.doi.org/10.1063/1.1679678
http://dx.doi.org/10.1039/c2ob07131b
http://dx.doi.org/10.1039/c2ob07131b
http://dx.doi.org/10.1049/mnl.2011.0269
http://dx.doi.org/10.1049/mnl.2011.0269
http://dx.doi.org/10.1021/ja061810z
http://dx.doi.org/10.1021/ja061810z
http://dx.doi.org/10.1021/ar800030w
http://dx.doi.org/10.1021/ar800030w
http://dx.doi.org/10.1039/b809359h
http://dx.doi.org/10.1002/aenm.201000006
http://dx.doi.org/10.1002/aenm.201000006
http://dx.doi.org/10.1039/b512983d
http://dx.doi.org/10.1039/b512983d
http://dx.doi.org/10.1016/j.tsf.2009.02.082
http://dx.doi.org/10.1039/c1sm06147j
http://dx.doi.org/10.1039/c1sm06147j
http://www.angewandte.org

