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Organic electronics, which exploits organic molecular materi-
als as semiconductors and active elements in devices, is
a rapidly growing interdisciplinary field of research. Its
applications include organic field-effect transistors
(OFETs), logic circuits, memories, organic light-emitting
diodes and displays, lighting, and organic photovoltaic devices
(OPVs).[1] Both hole-conducting (p-type) and electron-con-
ducting (n-type) organic semiconductors are required in these
device applications. In the past two decades, considerable
progress has been made in developing p-type organic semi-
conductors of diverse molecular structures, which have
enabled advances in device performance and understanding
of charge transport.[1a,d,f] In contrast, n-type organic semi-
conductors have limited molecular diversity, their device
performance (e.g. electron mobility) is still lower than that of
p-type organic materials, and the understanding of electron
transport is not as good as that of p-type materials.[1c,2]

Current n-type organic semiconductors are roughly of two
types: 1) those obtained by functionalizing known p-type
molecules (e.g. oligothiophenes) with electron-withdrawing
groups;[3] and 2) those constructed from distinct electron-
deficient polycyclic rings as exemplified by naphthalene
diimide (NDI) and perylene diimide (PDI).[4] Functionaliza-
tion with electron-withdrawing groups can efficiently increase
the electron affinity. However, the substituents may reduce
the planarity of the parent molecules because of steric effects;
the distortion from planarity leads to interruption of the p-
electron orbital overlap and can adversely affect charge
transport.[5] Among current n-type organic semiconductors,
naphthalene diimides (NDIs) and perylene diimides (PDIs)
and their derivatives have shown promising electron-trans-
port properties.[4, 6]

We report herein the first examples of heterocyclic
diimides, tetraazabenzodifluoranthene diimides (BFIs); the
synthesis involves fusion of a synthetically tunable tetraaza-
anthracene core and two naphthalene imide units (Scheme 1).
This molecular design aims to: 1) obtain high electron affinity

by combining the electron-deficient imine nitrogen contain-
ing aromatic groups with the dicarboxylic acid imide func-
tionality; 2) form a large rigid ladder-type structure: in
comparison to NDI and PDI, the 11-ring BFI system has an
even larger framework, which can further extend the p con-
jugation, promote intermolecular orbital overlap, and
improve carrier mobilities; 3) potentially tune the optical
and electronic properties through nitrogen protonation or
quaternization;[7] and 4) enable fine-tuning of the electronic
structure, solution processability, and solid-state morphology.
Further molecular modification of the BFIs can either occur
at the imide nitrogen atoms, the “bay” area, or even the
“core” itself. Unlike the sterically crowded NDI and PDI
rings, the new tetraazabenzodifluoranthene diimide has two

Scheme 1. Synthesis of BFIs.
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symmetric and easily accessible sites for substitution. We
envision that the new dibromide derivative BFI-Br2 will
become an important intermediate for the design and syn-
thesis of new organic/polymer semiconductors.

Scheme 1 presents the synthesis of BFI and its derivatives.
Starting from acenaphthene (1), the diketo intermediates 2-
(2-hexyldecyl)-1H-indeno[6,7,1-def]isoquinoline-1,3,6,7(2H)-
tetraone and 2-(2-decyltetradecyl)-1H-indeno[6,7,1-def]iso-
quinoline-1,3,6,7(2H)-tetraone (5 and 8) were synthesized in
four steps. 1,2-Diketone is well-known to readily react with
ortho-arylenediamine to form a pyrazine ring.[8] By taking
advantage of this reaction, BFI (6) and BFI-Br2 (9) were
synthesized in the reactions of 5 with 1,2,4,5-benzenetetra-
amine tetrahydrochloride and 8 with 3,6-dibromobenzene-
1,2,4,5-tetraamine, respectively. The reaction of the key
precursor BFI-Br2 with 2-tributylstannylthiophene or 5-
methyl-2-trimethylstannylthiophene under standard Stille
cross-coupling reaction conditions afforded BFI-T2 (com-
pound 10-T2) and BFI-TM2 (compound 10-TM2), respec-
tively. The dicyano derivative BFI-CN2 (10-CN2) was pre-
pared by the reaction of BFI-Br2 with CuCN in DMF. BFI-T2
and BFI-TM2 were isolated as green solids, and BFI-CN2 was
isolated as a yellow solid. The parent BFI has a poor solubility
in aprotic organic solvents, but can be dissolved in organic
acids (e.g. trifluoroacetic acid) or organic solvent/organic acid
solvent mixtures. With two bromo groups, BFI-Br2 has
moderate solubility and can be dissolved in warm organic
solvents. Fortunately, attachment of substituent groups dra-
matically enhances the solubility of the BFI derivatives. BFI-
CN2, BFI-T2, and BFI-TM2 all have good solubility in
organic solvents (chloroform, dichloromethane, toluene, etc.).

Thermogravimetric analysis showed that all the molecules
are thermally stable with high thermal decomposition tem-
peratures (Td� 400 8C; Figure S6 and Table S2 in the Sup-
porting Information). Differential scanning calorimetry
(DSC) showed that the parent BFI (6) has no detectable
phase transitions in the temperature range from 30 8C to
250 8C, whereas BFI-T2, BFI-TM2, and BFI-CN2 each
exhibited multiple melting and liquid-crystalline transitions
(Figure S7 and Table S2 in the Supporting Information). The
high thermal stability of BFI arises from the dense packing of
the large planar backbones and strong intermolecular inter-
actions induced by the polar imide groups and the imine
nitrogen atoms. On the other hand, the substituents on BFI-
CN2, BFI-T2, and BFI-TM2 increase the free space between
the molecular backbones and enable the observed thermal
transitions.

Single-crystal X-ray diffraction analysis of BFI (Figure 1)
showed that the BFI molecules are aligned in a triclinic unit
cell with a = 4.681(4) �, b = 16.30(2) �, c = 17.554(16) �, a =

94.08(5)8, b = 93.92(3)8, g = 95.36(6)8.[9] The polycyclic BFI
ring has a planar geometry involving both the diimide groups
and tetraazabenzodifluoranthene backbone (Figure 1a). The
molecules of BFI form a slipped face-to-face p–p stacking,
and the displacement between two neighboring molecules is
less than one sixth of the length of the molecule; this ratio is
relatively smaller than that of the NDI and PDI molecules,[4d,i]

which might be due to the much longer length of BFI and
stronger intermolecular interactions induced by the imine

nitrogen atoms. The neighboring BFI molecules feature
a short vertical distance of 3.24 �, which is significantly
shorter than the interplanar distance of graphite (3.35 �)[10]

and suggests strong p–p interactions (Figure 1b). Further-
more, we found that p–p stacking is not the only driving force
that controls the assembly of BFI molecules. Figure 1c shows
another type of close contacts, C�H···O hydrogen bonds,
which are shorter than the sum of van der Waals radii and
exist between the neighboring stacks. In these hydrogen
bonds, the oxygen atom on the carbonyl group and the ortho-
carbon atom on the naphthalene ring of the neighboring
molecule function as the hydrogen acceptor and donor,
respectively. The H···O distance is measured to be 2.44 � and
the C-H···O angle to be 140.18. Both the rigid planar structure
and strong intermolecular interactions are highly desirable for
achieving high crystallinity, high degree of molecular orbital
coupling, and efficient carrier transport.

X-ray quality single crystals of BFI-T2, BFI-TM2, or BFI-
CN2 could not be obtained under normal solution conditions.
X-ray diffraction (XRD) from solution-cast films was thus
used to evaluate the crystallinity of this series of molecules.
The intense first Bragg reflection and its higher-order
reflections from BFI films were observed at 3.08, 9.38, 12.38,
18.58, and 21.28 corresponding to a d-spacing of 2.9 nm, which
is close to the length of the long axis of the BFI molecules and
thus is assigned to the edge-to-edge packing of the BFI
molecules along the long axis (Figure S8 in the Supporting
Information). BFI-T2 and BFI-TM2 exhibit similar X-ray

Figure 1. Crystal structure of BFI. a) Thermal ellipsoid plot with ellip-
soids drawn at 50% probability level. b) Face-to-face p–p stacking with
an interplanar distance of 3.24 �. c) C�H···O hydrogen bonding
between stacks (dashed lines in red circle).
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diffraction patterns as BFI, although the reflection angles are
slightly different: the long-axis reflections of BFI-T2 and BFI-
TM2 are observed at 2.98 (d = 3.1 nm) and 3.28 (d = 2.8 nm),
respectively. The 2-thienyl and 5-methyl-2-thienyl groups
significantly enlarge the d-spacing of the short-axis reflec-
tions, which are observed at 7.58 (d = 11.8 �) for BFI-T2 and
7.48 (d = 11.9 �) for BFI-TM2 in comparison to that of BFI at
10.58 (d = 8.5 �). Unlike BFI, BFI-T2, and BFI-TM2 films,
which favor edge-to-edge packing, BFI-CN2 is less crystalline
with two broad peaks at 25.78(d=3.55 �) and 20.08 (d =

4.50 �), corresponding to the face-to-face p–p stacking.
Such a substituent-dependent solid-state morphology can be
expected to affect the charge transport properties of these
materials in devices.

Effects of the substituent group on the electronic structure
of BFI molecules were examined by UV/Vis absorption
spectroscopy of BFIs in dilute solution and as thin films. The
absorption maxima, molar absorptivity (emax), absorption
coefficient (amax), and optical absorption edge band gaps are
collected in Table S2 in the Supporting Information. In
solution (Figure 2a), all the BFIs show a common high-
energy absorption band centered at around 400 nm with emax

of (1.0–1.7) � 105
m
�1 cm�1, which is thus assigned to the

transition characteristic of the tetraazabenzodifluoranthene
diimide chromophore. A new low-energy band appears in the

region of 460–700 nm (emax = (1.3–1.8) � 104
m
�1 cm�1) for both

BFI-T2 and BFI-TM2, which is consistent with the facts that
BFI and BFI-CN2 are yellow, whereas BFI-T2 and BFI-TM2
are green in color. The observed low-energy absorption band
in BFI-T2 and BFI-TM2, which is absent in BFI and BFI-
CN2, originates from intramolecular charge transfer between
the electron-deficient BFI and electron-donating thiophene
or methylthiophene substituents.[11] Going from dilute solu-
tion to thin films (Figure S9 in the Supporting Information),
the high-energy absorption band is blue-shifted by 20–40 nm
suggesting an H aggregation in the solid state. In contrast, the
lower-energy absorption of BFI-T2 and BFI-TM2 becomes
significantly red shifted (ca. 100 nm), which could be under-
stood as a result of enhanced intramolecular charge transfer
enabled by the strong intermolecular interactions.[11] BFI and
BFI-CN2 have energy gaps of 2.43–2.50 eV, whereas BFI-T2
and BFI-TM2 have a significantly narrower band gap of
1.6 eV. We note that the band gap of BFI-T2 and BFI-TM2 is
about 0.46 eV narrower than that of the NDI analogue (NDI-
1TH),[4d] thus suggesting a higher degree of electron delocal-
ization. The absorption coefficient (amax) at the higher-energy
absorption maximum of the thin films varied from 6.7 �
104 cm�1 in BFI-T2 to 1.4 � 105 cm�1 in BFI-CN2, which is
indicative of strongly absorbing chromophores.

Figure 2b shows the thin-film cyclic voltammograms of
the BFI molecules in acetonitrile with tetrabutylammonium
hexafluorophosphate as the electrolyte (0.1m). BFI shows two
quasi-reversible reduction waves at E1/2 =�0.80 V/�1.20 V,
whereas the reduction peaks of BFI-T2 and BFI-TM2 are
seen at more negative potentials of E1/2 =�1.10 V/�1.35 V
and �1.23 V (peak), respectively. As expected, BFI-CN2,
with two strong electron-withdrawing cyano groups attached,
is reduced at much higher potentials with three reversible
waves at E1/2 =�0.34 V/�0.46 V/�0.75 V. Accordingly, the
resulting estimate of the lowest unoccupied molecular orbital
(LUMO) energy level of BFI-CN2 is�4.32 eV, which is about
0.6–0.8 eV lower than that of BFI, BFI-T2, and BFI-TM2 and
0.4–0.6 eV lower than that of NDI and PDI.[4f] CV scans
showed that BFIs either had a very weak oxidation or did not
show any oxidation up to 1.2 V, indicative of a rather deep
lying highest occupied molecular orbital (HOMO) energy
level.

OFETs with bottom-gate geometry were fabricated by
solution deposition of thin films to investigate the polarity and
field-effect mobility of charge carriers in the BFIs. All the
BFIs were found to exhibit n-channel charge transport
characteristics in OFETs, thereby giving moderate to high
electron mobilities (me) of 0.021 to 0.12 cm2 V�1 s�1 in the
saturation region and excellent on/off current modulation
(105–106; Figure 3 and Figures S10 and S11 in the Supporting
Information). Among them, BFI-T2 thin films had the highest
carrier mobility of me = 0.12 cm2 V�1 s�1 (Figure 3 and Fig-
ure S12 in the Supporting Information). The average field-
effect electron mobilities of the parent BFI and BFI-TM2
were 0.03 cm2 V�1 s�1 and 0.05 cm2 V�1 s�1, respectively.
Although BFI-CN2 has a higher electron affinity, it has the
lowest electron mobility of 0.021 cm2 V�1 s�1 in the transistors,
which can be attributed to its poorer solid state packing as
revealed by previously discussed XRD analysis. The BFIs

Figure 2. a) UV/Vis absorption spectra of BFIs in dilute solution (1.4–
3.4 mm). b) Cyclic voltammograms of BFI molecules with the ferro-
cene/ferrocenium (Fc/Fc+) couple as the internal reference. SCE = sa-
turated calomel electrode. c) HOMO/LUMO energy levels of BFI
molecules.
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showed an annealing temperature dependence of the electron
mobility (Figure 3b). Annealing at 150 8C gave the highest
mobility in accord with expectation from the DSC results. We
note that the electron mobility derived from the linear region
was generally 2–7-fold lower than the saturation mobility
(Table S3 in the Supporting Information). Moderate thresh-
old voltage (17–32 V) and hysteresis in forward and backward
scans were also observed from the transistors (Figure S11 in
the Supporting Information), possibly owing to traps at
interfaces. The threshold voltage and the hysteresis, as well as
the electron mobility could be significantly improved by
interfacial engineering and optimization of device fabrica-
tion.[1]

In a preliminary evaluation of the potential of the BFIs to
function as an electron acceptor in bulk heterojunction (BHJ)
solar cells, we fabricated and tested devices of the type ITO/
PEDOT:PSS/PSEHTT:BFI-T2(1:4 wt/wt)/LiF/Al under AM
1.5 solar illumination at 1 sun (100 mWcm�2) in ambient air
[ITO = indium tin oxide, PEDOT= poly(3,4-ethylenedioxy-
thiophene), PSS = poly(styrenesulfonate)]. The donor poly-
mer PSEHTT is a reported ethylhexyl derivative of thiazo-
lothiazole copolymer.[12] The current density (J)–voltage (V)
curves for these devices are shown in Figure 4a. The resulting
photovoltaic parameters include an open circuit voltage (Voc)
of 0.79 V, a short-circuit current density (Jsc) of 5.14 mA cm�2,
and a fill factor (FF) of 0.44. A maximum power conversion
efficiency of 1.80 % (average of 1.74� 0.06%) was achieved.
The EQE spectrum of the PSEHTT:BFI-T2 devices (Fig-

ure 4b) shows that the photoresponse begins near 800 nm, an
important demonstration that the new electron acceptor can
harvest photons from the near-IR region of the solar
spectrum. The EQE spectrum has peaks of 31 % at 370 nm
and 28% at 630 nm. The Jsc value calculated by integrating
the EQE spectrum is 4.85 mA cm�2, which is within 6.0 % of
the directly measured value. These preliminary results
demonstrate that the BFIs are promising small-molecule,
nonfullerene, acceptor materials for organic photovoltaics.

In conclusion, we have successfully created new hetero-
cyclic diimides as building blocks for developing n-type
organic semiconductors. The X-ray single-crystal structure
shows that tetraazabenzodifluoranthene diimide has a ladder-
type planar conformation, which facilitates desirable solid-
state molecular packing. The symmetric substitution sites on
the core BFI framework provide a means for fine-tuning the
electronic structure, solid-state morphology, and properties of
the new class of n-type organic semiconductors. The BFIs
combine large electron affinities (3.6–4.3 eV) with attractive
optical band gaps of 2.5–1.6 eV by varying the substituents at
the core position. Preliminary n-channel OFETs and BHJ
solar cells based on solution-processed thin films gave an
electron mobility of 0.12 cm2 V�1 s�1 and a power conversion
efficiency of 1.8%, respectively, and thus demonstrated that
the BFIs are promising n-type materials for organic elec-
tronics and nonfullerene photovoltaics. Indeed, BFI-T2 is the
first nonfullerene small molecule that combines both high
electron mobility in solution-processed n-channel OFETs and
high power conversion efficiency as an electron acceptor in
BHJ solar cells.
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