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Core-cyanated perylene-3,4;9,10-bis(carboxyimide) derivatives N-functionalized with tethered anthracenes (PDI3A-CN,, PDI4A-CN,) and the
corresponding solution-processable cycloadduct precursors (PDI3A-CA-CN,, PDI4A-CA-CN,) were synthesized and their optical, electrochemical,
and thermal properties characterized. These derivatives exhibit HOMO—LUMO energy gaps of ~2.1—2.3 eV and first reduction potentials
between —50 and —150 mV versus SCE. The PDI3A-CN, and PDI4A-CN, cycloadducts are soluble in common organic solvents (>50 mg/mL),
and the corresponding spin-coated films are converted to PDI3A-CN, and PDI4A-CN, films upon thermal annealing.

Organic semiconductors exhibit unique opto-electronic proper-
ties and may find applications in a variety of semiconductor-
based devices. One of the most promising characteristics of
these materias is the possibility of film and device fabrication
using solution-based methodologies that would enable inex-
pensive, large-area, and flexible electronics. However, asin the
case of inorganic semiconductors, the most efficient charge-
trangporting organic cores are typically those with the closest
s1— stacking and therefore the least soluble in common organic
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solvents. From these reasons, a variety of molecular design
srategies have been explored to enhance solution processability.
The most common approach has been core functionaization
with organic pendants.* Thus, alkyl functionalization of intrac-
table m-conjugated polymers such as polythiophenes and
polyphenylenevinylenes affords processable poly(3-hexyltho-
phene) (P3HT) and poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-
phenylene vinylene] (MEH-PPV) (Figure 1), widely used in
fild-effect transistors (FETS),? light-emitting diodes® and
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Figure 1. Molecular structures of P3HT, MEH-PPV and PDI 8-
CN; and general structure of PDINA-CN,.

P3HT

photovoltaic cells* An dternative strategy employs a soluble
precursor of an insoluble organic semiconductor, depositing the
soluble precursor asathin film and converting it to the insoluble
active layer by thermal annealing. In important demonstrations
of this approach for organic FET (OFET) fabrication, Mullen
and Aftzai et a. synthesized processable cycloadducts of
insoluble pentacene. In the first example, films of the tetra
chlorocyclohexadiene adduct of pentacene could be converted
to pentacene films by heating at 140—220 °C in vacuum,
afording FET hole mobilities of 0.01—0.03 c?/(V 9).° In a
more recent study, mohilities of 0.2 cm?/(V s) were achieved
by proper trestment of the substrate-dielectric surface prior to
precursor deposition and by optimizing the conversion condi-
tions.® In the second example, pentacene precursors were
accessed by the Lewis acid-catalyzed Diels—Alder addition of
pentacene to heterodienophiles such as N-sulfinylalkylmides.”
These precursors are very soluble in common organic solvents,
and conversion to pentacene is achieved by moderate hesting.
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A record hole mobility of 0.89 cm?/(V s) was measured. In
another approach, Frechet et al. solubilized oligoth-
iophenes by functionalization with thermally removable
branched esters. When solution-cast films of these oligo-
mers are thermolyzed at ~200 °C, akene-substituted
oligomer films are produced, exhibiting hole field-effect
mobilities as high as 0.05 cm?(V s).® Note that these
approaches have only been applied to intrinsically hole-
transporting cores (p-channel materials), and therefore it
would be interesting to know whether electron-transport-
ing semiconductor (n-channel materials) precursors can
also be synthesized.

N,N-Dialkyl-2,7-dicyano-3,4:9,10-bis(dicarboxyimide)
(PDIR-CN,) derivatives are among the most promising
electron-transporting materials for OFET and photovoltaic
applications due to their high electron mobilities in
ambient and chemical stability. However, despite these
advantages,® film solution processing is problematic since
typical PDIR-CN; solubility is <4 mg/mL (R = n-CgHy7,
CH,C3F;). In this context, we report the design and
synthesis of the new cycloadduct-functionalized PDI
derivatives PDI3A-CA-CN, and PDI4A-CA-CN, afford-
ing, upon retro Diels—Alder reaction, the corresponding
alkylanthracenyl-substituted derivatives, PDI3A-CN, and
PDI4A-CN..

The present precursors are designed to achieve good
solubility in organic solvents, whereas the products are
designed to offer an efficient, established electron-transport-
ing core. Furthermore, the presence of the hole-transporting
anthracene unit may promote phase segregation of the
molecular subunits in the solid state, resulting in the
formation of electron (PDI core) and hole (anthracene unit)
conduction pathways, thereby enabling ambipolar transport
useful in OFETs and photovoltaics.’® The solubility of
precursor/product can also be tuned via the length of the
tethering alkyl chain.

The syntheses of precursors PDI3A-CA-CN, and PDI4A-
CA-CN; and products PDI3A-CN, and PDI4A-CN, are
outlined in Scheme 1. The starting materials, 1,7-dibromop-
erylene-3,4.9,10-dianhydride (PDA-Br ;) and the aminoalkyl-
anthracenes, were prepared according to known proce-
dures.*>*2 PDI3A-Br, and PDI4A-Br, were synthesized by
reacting PDA-Br, with the corresponding alkylamino an-
thracenes in a xylene—propionic acid mixture.®® Then,
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Scheme 1. Synthesis of PDI3A-CA-CN, and PDI4A-CA-CN;,
Precursors and PDI3A-CN, and PDI4A-CN,
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PDI3A-Br, and PDI4A-Br, were reacted with dimethyl-
maleate in refluxing xylene to afford the soluble Dields—Alder
adducts PDI3A-CA-Br, and PDI4A-CA-Br,. Findly, the
cyanated-PDI derivatives PDI3A-CA-CN, and PDI4A-CA-
CN_ were obtained by reaction of the corresponding bromo
cycloadducts with CuCN in refluxing DMF.® The products
were purified by dissolution/reprecipitation from CHCly/
MeOH, isolated as pure purple crystals, and characterized
by NMR, MALDI-MS, and elemental analysis. These
compounds are very soluble (>50 mg/mL) in chlorinated
hydrocarbons, aromatic solvents, and THF. The correspond-
ing insoluble (<1 mg/mL) PDI3A-CN, and PDI4A-CN,
derivatives were synthesized in 79—83% vyields via retro
Diels—Alder at reflux in nitrobenzene solution. The products
were also purified by recrystallization from C,H,Cl,. They
were characterized by NMR, MALDI-MS, and elemental
analysis.

Optical spectroscopic and electrochemical data for new
PDI derivatives are summarized in Table 1. Figure 2 shows
the optical absorption and emission spectra of the PDI
derivatives in solution. All of the compounds exhibit two
strong absorptions at 450—550 nm, almost identical to those
of the parent PDI8-CN,.%* The HOMO—LUMO energy gaps
obtained from the absorption onsets are almost independent
of the core and nitrogen subtitution and are in the 2.1-2.3
eV range very similar to that of PDI8-CN,.* In contrast,
the emission maxima of PDInA-Br, and -CN, are shifted
to shorter wavelengths versus the Diels—Alder adducts
PDINA-CA-Br, and -CN,, as well as parent PDI8-CN,.*
Moreover, the anthracene-functionalized derivatives PDInA-
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Table 1. Optical Absorption and Emission® Spectral Data and
Electrochemical Redox Potentials' for PDI Derivatives

Aabs/Aem

compound (nm)  Egp (V) EYed/E%ea (V) Ely (V)
PDI3A-CA-Br, 519/542¢ 227  —0.38/—0.68% -
PDI4A-CA-Br, 526/552° 225  —0.38/—0.69% -
PDI3A-CA-CN, 522/534° 2.11  —0.10/-0.48% -
PDI4A-CA-CN, 523/543° 224  —0.12/-0.50% -
PDI3A-Br, 520/419° 228  —0.44/-0.66° +1.39°
PDI4A-Br, 526/421° 2.23 —0.49/-0.74% +1.63%
PDI3A-CN, 524/421° 220  —0.06/-0.47¢ +1.467
PDI4A-CN, 524/421°  2.18  —0.10/-0.56¢ +1.48¢
PDIS-CN, 523/533° 227  —0.15/-0.50°¢ -

21n THF. ® In CHCl3. € In CH,Cly. @ In CoH,Cly. © Aex = 365 nm. FE/V
vs SCE, 0.1 M n-BusNPFg, Pt electrode, scan rate 100 mV s
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Figure 2. Optical absorption (a) and emission (b) spectraof PDI3A-
CA-Br, (black), PDI3A-CA-CN;, (blue), PDI3A-Br, (red), and
PDI3A-CN, (purple) as solutions in THF or CHCI; solvents.

Br, and -CN; exhibit four additional peaks located in the
300—400 nm range due to the absorption of the anthracene
m-systems.

To monitor the redox properties and electrochemical
stability of these systems, cyclic voltammetry experiments
were performed, and the results are summarized in Table 1.
PDI3A-CN, and PDI4A-CN, exhibit two reversible reduc-
tionsat —0.06, —0.47 V and —0.10, —0.56 V, respectively,
and a single oxidation at +1.46 and +1.48 V, respectively.
The redox potentials of the new core-cyanated derivatives
are similar to those of the parent PDI 8-CN,% and are shifted
positive relative to those of the bromo-substituted systems.
Similar redox trends are aso observed for the Diels—Alder
adducts, while anthracene ring-centered oxidation events are
not observed.

Figure 3 shows thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) scans for PDInA-
CA-CN,. The TGA plotsindicate that the retro-Diels—Alder
reactions occur at ~210 °C for PDI3A-CA-CN, and at ~240
°C for PDI4A-CA-CN,. The weight loss of ~24% by ~290
°C is in agreement with the loss of dimethylmaleate.
Moreover, the strong endotherms located at 264 °C for both
PDI3A-CA-CN; and PDI4A-CA-CN are observed in the

Org. Lett, Vol. 12, No. 21, 2010
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Figure 3. Thermogravimetric analysis data for: (a) PDI3A-CA-
CN; and (c) PDI4A-CA-CNj; (heating rate: 10 °C/min under N,).
Differential scanning calorimetry datafor: (b) PDI3A-CA-CN, and
(d) PDI4A-CA-CN; (heating rate: 10 °C/min under Ny).

DSC plots, corroborating the retro-Diels—Alder reaction. The
thermal conversion reactions in the solid state were addi-
tionaly confirmed by NMR and MALDI after heating solid
samples at 300 °C for 30 min.

Additional support for the solid-state thermal conversion
of PDINA-CA-CN, portrayed in Scheme 1 was obtained by
analyzing the optical spectra before and after annealing.
PDInA-CA-CN; films on glass were prepared by spin-coating
a0.8 wt % CHCI; solution. The films were then heated at 300
°C for 60 min under N, to generate the purplish films of
PDInA-CN,. Figure 4 shows the film transmission spectra
before and after heating. Clearly, the converted films exhibit
the characteristic anthracene signature at 300—400 nm.

In summary, we have synthesized new core-cyanated
perylene-3,4:9,10-bis(dicarboxyimide) derivatives function-

Org. Lett, Vol. 12, No. 21, 2010
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Figure 4. Transmission optical spectra of PDI3A-CA-CN, films
(a) before and (b) after thermal annealing.

alized with tethered alkyl-anthracenes and their correspond-
ing soluble Diels—Alder cycloadducts. The optical, electro-
chemical, and thermd properties of these new core-brominated/
cyanated derivatives have been characterized. These systems
exhibit similar HOMO—LUMO energy gaps and high
electron affinities. Diels—Alder reactions on the anthracene
rings increase the solubility in organic solvents by >10x,
enabling the fabrication of PDInA-CA-CN, films by spin-
coating. The films of the precursors can be converted to
PDInA-CN, films by heating at 300 °C. Fabrication and
detailed characterization of OFETSs with this new materials
system is currently underway.
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