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Novel n-type C3-symmetric materials are synthesized and shown

to have desirable bandgap, broad absorption and high thermal

stability, thus pose as viable candidates for organic photo-

voltaics. The strong intermolecular interactions among the

extended p-surfaces beget the self-assembly of nanofibers.

Discotic molecules have emerged1 as a new generation of

organic semiconductors that have found applications in

organic photovoltaics (OPVs),2 organic light emitting diodes

(OLEDs),3 and organic field effect transistors (OFETs).4 Such

molecules contain polycyclic aromatic cores that have the

propensity to stack into parallel-aligned columns with high

charge-carrier mobilities in the mesophase, while flexible side

chains are often present to ensure solubility and self-healing

properties. For advanced electronic applications, both p-type

(hole conducting) and n-type (electron conducting) semi-

conductors are required for the fabrication of complementary

logic circuits5 or for use as active layer materials in OPVs

and OLEDs.6 Many p-type molecules with mobilities

comparable to or surpassing that of amorphous silicon have

been synthesized in the past few decades, including triphenylenes,7

phthalocyanines,8 porphyrins,9 hexabenzocoronene,10 and

truxenes.11 Conversely, n-type molecular systems with desirable

physical properties are currently very limited.12 We are

particularly interested in developing n-type materials for OPV

applications, which require not only good electron mobility, but

also (1) good light absorptivity in the visible and near infrared

regions, (2) high thermal and chemical stability, (3) a properly

engineered bandgap to match complementary p-type materials

and the work function of the cathodes, and (4) controllable self-

organization to give bicontinuous nanophase segregation in thin

films for efficient charge separation and charge collection.

A good strategy for introducing n-type characteristics into a

molecule is to incorporate electron-withdrawing p systems into

the aromatic core to decrease the energy level of the

lowest unoccupied molecular orbital (LUMO). Imide-

substituted arylenes, such as naphthalene diimide13 (NDI)

and perylenediimide14 (PDI) derivatives, are known as high

performance n-type semiconductors (Fig. 1). Structurally

similar aroyleneimidazole15 (AI) derivatives, commonly

employed in the pigment industry due to their high absorptivity

and excellent thermal stability, have not been explored as

n-type molecules until very recently.16 By incorporation of

the AI units, a new library of versatile n-type molecules has

been created. A planar C3-symmetrical core containing three

fused AI units, namely tris(aroyleneimidazole) (TAI), was

designed (Fig. 1) to have enhanced n-type characteristics

and optical properties due to extended delocalization of p
electrons. Molecular modeling has confirmed17 the planar and

electron deficient nature of the core, as indicated by a

high electron affinity (LUMO energy: �3.7 eV) and by the

electrostatic potential (ESP) plot, which shows delocalized

negative charges. The computed energy of the highest occupied

molecular orbital (HOMO) is �6.3 eV, commensurate with a

bandgap of 2.6 eV.

The synthesis of TAI was first attempted (Scheme 1) by

heating a mixture of hexaaminobenzene (1)18 and mono-

anhydride 2a19 in DMF in the presence of Zn(OAc)2. Orange,

green and deep red fractions were isolated from this reaction.

Mass spectrometry (MS) revealed (see ESIw) molecular ion

peaks at m/z 1577.6, 1216.3 and 1198.3. These peaks indicate

the formation of a tetra-adduct after the loss of six equiv. of

H2O, and tri-adducts after the loss of five and six equiv. of

H2O, respectively. 1H NMR spectra of the orange and the

green adducts show well-resolved resonances (see ESIw) in the

aromatic region, assignable to the C2-symmetric tetramer 5a

and the acyclic trimer 4a, respectively. In contrast, the
1H NMR spectrum of the red tri-adduct is (Fig. 2c) very

Fig. 1 Molecular structures of NDI, PDI, AI and the designed TAI.

The ESP plot of TAI (R = Me) is also shown.
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broad at room temperature, suggesting strong aggregation in

solution. When heated at 100 1C in C6D5Cl, the broad

resonances in the aromatic region split (Fig. 2d) into multiple

doublets, corresponding to an unsymmetrical species. Since

MS suggests the formation of a cyclic trimer, the red fraction

can be readily identified as 3a. Surprisingly, the symmetrical

TAI-a was not observed. The condensation reaction was then

carried out under different conditions. A substoichiometric

amount of monoanhydride 2b was added slowly into the

solution of 1 and Zn(OAc)2 in quinoline over 1 hour and the

mixture was kept at 170 1C for 18 hours. Aside from a trace

amount of tetra-adduct, two major fractions, one green and

the other deep red, were isolated using recycling size exclusion

chromatography. As in the case of 4a, the green product was

identified as acyclic trimer 4b according to MS and 1H NMR

spectroscopy. The red product TAI-b has the same mass as 3a

and can be assigned to be a cyclic trimer. The 1H NMR

spectrum of TAI-b in C2D2Cl4 solution is again very broad at

room temperature due to strong aggregation (Fig. 2a). In

sharp contrast to 3a, the high temperature 1H NMR spectrum

at 140 1C indicates its symmetrical nature, as evidenced by the

presence of only two well-defined resonances in the aromatic

region. The high symmetry of TAI-b is also confirmed by its
13C NMR spectrum (see ESIw). In addition, all the compounds

are shown to have high thermal stability by thermogravimetric

analysis (see ESIw); TAI-b has the highest thermal stability

with an onset decomposition temperature of 462 1C.

The absorption (Fig. 3a) and emission spectra (see ESIw) of
these compounds were measured both in solution and in the

thin film. The UV-vis spectrum of an alkyl substitute mono-

meric AI (R = n-C8H17) is also recorded for comparison,

with an absorption maximum at 446 nm assignable to n–p*
transition. As expected, both TAI-b and 3a have an absorption

band that is red shifted around 30 nm with respect to that of

AI. The tetramer 5a has three absorption shoulders at 460 nm,

485 nm and 520 nm. In comparison, the acyclic trimer 4b has a

distinct absorption centered at 615 nm, probably resulting

from intramolecular charge-transfer between the aniline and

the AI unit. All the solid-state UV-vis spectra show (see ESIw)
a bathochromic red shift (ca. 10 nm) compared to solution

spectra, suggesting greater structural organization in the solid

state. The extinction coefficients and optical bandgaps derived

from the onset of the compounds long wavelength absorption

spectra are listed in Table 1. TAI-b, 3a and 5a have similar

values of around 2.2 eV, while 4b has a lower optical bandgap

around 1.7 eV.

The electrochemical properties of these AI derivatives were

investigated by cyclic voltammetry (CV) in dry CH2Cl2, using

the ferrocene/ferrocenium (Fc/Fc
+) redox couple as the inter-

nal standard. All the compounds undergo multiple reversible

or pseudo-reversible reductions upon cathodic scan (see ESIw).
No oxidation waves are observed during anodic scan except

for those of the acyclic trimers. Each imide subunit of these

molecules can accept two electrons, with the tetramer 5a being

a remarkable eight-electron acceptor. The CVs of both

TAI-b and 3a have three pseudo-reversible reduction waves.

Respective LUMO energies are determined20 to be �3.7 eV

and �3.6 eV (Table 1), which agree very well with the

modeling result. Five stepwise reduction processes are clearly

identified in the CV of the tetramer 5a, indicative of

the presence of distinctive radical anion species and strong

Scheme 1 The condensation reaction that leads to the formation of

different products. Solvent: dimethylformamide (DMF) or quinoline.

Fig. 2 1H NMR spectra of TAI-b at (a) 298 K and (b) 413 K in

C2D2Cl4 (8.0 mM), and of 3a at (c) 298 K and (d) 373 K in C6D5Cl

(1.6 mM). The insets are the blow-up of the aromatic resonances.

Fig. 3 (a) Solution UV-vis spectra (CH2Cl2, 10.0 mM) of TAI-b, 3a,

4b, 5a and the monomeric AI. (b) SEM image of nanofibers of TAI-b.
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electron-accepting ability. CV of the acyclic trimer 4b shows

not only well-resolved reduction peaks, but also the presence

of an anodic peak that corresponds to oxidation of its

aniline moiety. The derived bandgap is 1.7 eV and is in good

agreement with the optical bandgap (1.7 eV) estimated from

the UV-vis spectrum.

The extended conjugation in TAI-b promotes strong p–p
intermolecular interactions. Supramolecular aggregation of

TAI-b is observed in solution, as indicated by the broad
1H NMR resonances of aromatic protons and the methylene

protons next to the imide unit. As a result, a phase-separated

precipitate is formed from its CHCl3 solution within one day

upon standing at room temperature. Scanning electron micro-

scopy (SEM) indicates (Fig. 3b) the formation of highly

entangled nanofibers, while the birefringence from polarized

optical microscopy strongly suggests anisotropic stacking

(see ESIw). Powder X-ray diffraction reveals d-spacings of

21.4 Å and 3.9 Å, attributable to TAI-b column formation

and slipped p–p cofacial stacking,14b respectively (see ESIw).
The lack of phase transitions up to 350 1C by differential

scanning calorimetry (see ESIw) suggests that TAI-b remains

crystalline at high temperature.

In summary, n-type molecules with a novel C3-symmetric

aromatic core were designed, synthesized, and characterized.

They were shown to have high thermal stability, desirable

bandgap and broad absorption in the visible range. The

extended large p-surface in the symmetric TAI-b ensures

strong intermolecular interactions, promoting nanofiber

assembly. The novel molecular skeleton invites future design

and synthesis of new n-channel semiconductors. Its ready

self-assembly of 1D nanostructures may broaden the scope

of nano- and microscale organic semiconductors, and also sets

the stage for sensing applications.21
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