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Abstract: We have designed, synthesized and utilized a new
non-fullerene electron acceptor, 9,9’-(9,9-dioctyl-9H-fluorene-
2,7-diyl)bis(2,7-dioctyl-4-(octylamino)benzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7H)-tetraone) (B2), for use in solution-
processable bulk-heterojunction devices. B2 is based on
a central fluorene moiety, which was capped at both ends
with an electron-accepting naphthalenediimide functionality.

B2 exhibited excellent solubility (>30 mg mL�1 in chloro-
form), high thermal and photochemical stability, and appro-
priate energy levels for use with the classical polymer donor
regioregular poly(3-hexylthiophene). A power conversion ef-
ficiency of 1.16 % was achieved for primitive bulk-hetero-
junction devices with a high fill factor of approximately
54 %.

Introduction

Over the past two decades, bulk-heterojunction (BHJ) solar
cells have attracted a significant amount of attention from re-

searchers in academia and industry. These solar cells are prom-
ising candidates for the production of renewable energy to
help meet energy demands. Furthermore, solution-processed
BHJ devices are being developed to make interpenetrating
networks with large donor–acceptor interfacial areas. Factors
such as flexibility, low-cost and large area with long-term sta-
bility are also important for their commercial viability.[1] A
power conversion efficiency (PCE) of >10 % has been reported
for solution-processed BHJ devices based on a polymer
tandem solar cell.[2] Such a high efficiency is a result of the de-
velopment of a novel, rich class of electron-donor materials
that demonstrate improved optoelectronic properties, such as
light harvesting, and favorable highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy level tunability, which match strongly those of electron
acceptors.[3] Most researchers in this area are developing new
donor materials; this is thought to be the key to improving
BHJ device performance. However, as per our understanding,
electron acceptors must be perceived as equally important as
donor materials. However, the design and development of
electron-accepting chromophores has trailed behind that of
their donor counterparts. Therefore, the design and develop-
ment of new electron-acceptor materials has become a critical
research topic.

Fullerenes and their derivatives, such as [6,6]-phenyl-C61-bu-
tyric acid methyl ester (PC61BM) and its C71 analogue PC71BM,
are undoubtedly the best examples of conventional electron-
acceptor materials, principally because of their superior elec-
tron affinity, good electron mobility and good interaction with
donor materials.[4] However, the use of fullerene acceptors is
limited by a number of disadvantages such as weak absorption
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in the visible spectrum, high cost, restricted electronic tuning,
cumbersome synthesis and large electron affinity that can
result in low open-circuit voltages (Voc).

[5] Therefore, the chal-
lenge remains to develop new non-fullerene electron accept-
ors that not only possess the encouraging properties of fuller-
ene derivatives, but also overcome their limitations. The fol-
lowing important features should be considered in the design
of new non-fullerene electron-acceptor materials : 1) facile syn-
thesis, 2) strong and broad absorption, 3) high charge-carrier
mobility, 4) solubility, and 5) controllable frontier orbital energy
levels.[6] Recent reports published by Yan. et al. , Sonar et al. ,
and Lin and Zhan show the energetic efforts of various re-
search groups toward the development of non-fullerene ac-
ceptors.[7] These efforts have yielded efficiencies of up to 4 %
with few accepting chromophores, although many other tar-
gets have been scrutinized.[8]

Despite the advancement of electron acceptors, substantial
scope still exists to develop new non-fullerene acceptors that
possess strong absorption, good photochemical stability, excel-
lent solubility and tuned optical energy levels matching those
of donor semiconducting components. Towards this goal, func-
tionalities such as fluorene (FL) and naphthalenediimide (NDI)
have shown potential to be used as versatile building blocks
for the development of non-fullerene acceptors. Recently, we
and others have been successful in demonstrating the use of
such functionalities for the development of non-fullerene elec-
tron acceptors.[8j, l, 9] Fluorene has shown particular promise to
be used in conjunction with versatile electron-deficient build-
ing blocks to generate highly conjugated structures.[8e, j, l]

Realizing the importance of these developments, we antici-
pated the combined use of FL and NDI functionalities to gen-
erate target materials that possess extended conjugation
along with structural planarity, chemical and thermal stability,
and excellent solubility. Regarding the solution processability
of our target chromophore, we envisaged using peripheral lip-
ophilic chains on the terminal NDI moieties. This was achieved
by choosing n-octylamine groups containing a conventional
donor nitrogen atom. Such donor atoms have been used to
fine tune the energy levels of optoelectronic materials.[10] Even
though there are a great deal of amine functionalities avail-
able, n-octylamine was the preferred choice from a molecular
symmetry point of view. By using these alkyl chains, which
were in addition to the lypophilic moieties already present on
FL and NDI functionalities, we were able to generate a highly
conjugated, symmetrical target material comprising FL as the
central core capped by NDI units carrying peripheral chains as
terminal substituents.

Evidently, the presence of such alkyl chains not only enhan-
ces the solubility of the target chromophore, but also affords
excellent film-forming qualities without crystallization occur-
ring in the film. Furthermore, the presence of hydrogen atoms
at the terminal positions of NDI functionalities may reduce
steric interactions. The structure of the material reported
herein, 9,9’-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis[2,7-dioctyl-4-
(octylamino)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tet-
raone] (B2) is shown in Scheme 1. An initial assessment of B2
as an “n-type” material was carried out by using it in a solu-

tion-processable BHJ device along with the conventional poly-
mer donor regioregular poly(3-hexylthiophene) (rr-P3HT). A
BHJ device based on an rr-P3HT–B2 blend (1:1 w/w) exhibited
a PCE as high as 1.16 % with a high fill factor (FF) of 54.3 %. To
our knowledge, B2 is the first non-fullerene electron acceptor
that incorporates FL and NDI functionalities. The design and
development of B2 is a continuation of our research on materi-
als for organic electronic applications.[11]

Results and Discussion

Compound B2 was synthesized in a straightforward manner
using a high-yielding Suzuki coupling reaction between the
commercially available (9,9-dioctyl-9H-fluorene-2,7-diyl)dibor-
onic acid and the mono-bromo derivative, 4-bromo-2,7-dioctyl-
9-(octylamino)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tet-
raone (1; Scheme 1). The reaction was carried out in dime-
thoxyethane at 100 8C for 24 h using K2CO3 as a base and tetra-
kis(triphenylphosphine)palladium(0) [Pd(PPh3)4] as the catalyst.
B2 was purified by silica gel column chromatography and was
characterized using 1H and 13C NMR spectroscopy and elemen-
tal analysis.

As predicted, B2 showed excellent solubility in a variety of
common organic solvents, such as chlorobenzene, chloroform,
dichlorobenzene and toluene (e.g. , >30 mg mL�1 in chloro-
form), due to the presence of eight lipophilic octyl chains.
High solubility of organic semiconducting materials is abso-
lutely required for the fabrication of large-area, roll-to-roll solu-
tion-processable printable organic solar cells and B2 satisfies
this condition. Thermogravimetric analysis (TGA) of B2 revealed
a 5 % weight loss at >400 8C, which clearly indicates the excel-
lent thermal stability of B2. This observation strongly supports
the high-temperature annealing of P3HT–B2 devices and is
also consistent with differential scanning calorimetry (DSC)
analysis of B2, which revealed a melting temperature of
around 230 8C (Figure S4 in the Supporting Information).

Scheme 1. The synthesis of B2.

Asian J. Org. Chem. 2015, 00, 0 – 0 www.AsianJOC.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2&&

�� These are not the final page numbers!

Full Paper

http://www.AsianJOC.org


The optical properties of the acceptor B2 were studied in so-
lution and in the solid state by UV/vis spectroscopy (Figure 1).
For the solution study, B2 was dissolved in chloroform, where-
as for the thin film, the chloroform solution was spin-coated
onto a glass substrate. In solution, an absorption maximum
(lmax) at 538 nm (e= 63 400 m

�1 cm�1) with an onset at 612 nm
was measured, whereas a lmax value of 548 nm with an onset
at 635 nm was measured for the thin solid film. The thin-film
absorption spectrum of B2 showed a bathochromic shift of
about 10 nm compared with its solution spectrum.

In order to study the photoluminescence quenching behav-
ior of the B2 acceptor, we prepared a blend of P3HT and B2
(1:1 w/w) and then spin coated as a thin film. This film clearly
exhibited quenching (Figure 2), which is a classical qualitative
test to identify potential non-fullerene acceptors and the result
for B2 is consistent with those reported for other acceptor ma-
terials.[9]

The electrochemical behavior of B2 was investigated using
cyclic voltammetry (CV) and photoelectron spectroscopy in air
(PESA) techniques. The HOMO energy of B2 was estimated
using PESA (Figure S5) and the LUMO energy was calculated
by adding the band gap to the HOMO value. The HOMO of B2
is low (�6.00 eV), mainly because of the presence of two
strongly electron-withdrawing NDI groups at the ends of cen-
tral FL. Although the energy levels were measured in the thin-
film state, we conducted CV analysis in order to monitor the
presence of multiple reversible reduction waves that can sug-
gest the suitability of B2 as an acceptor. CV measurements

were carried out in freshly distilled dichloromethane with
tetra-n-butylammonium hexafluorophosphate (nBu4NPF6, 0.1 m)
as the supporting electrolyte, at a potential scan rate of
50 mV sec�1. B2 exhibited redox behavior with two reversible
reduction potential waves and two closely spaced oxidation
curves (Figure 3). The two reduction waves formally corre-

spond to the separate reductions of the two terminal NDI
functionalities, with the energetic separation of the two reduc-
tions due to electronic communication between the NDI
groups by conjugation through the central FL. In contrast, the
oxidative processes are most likely the direct oxidation of the
conjugated backbone of B2, which is typical of conjugated sys-
tems. This observation clearly suggests the suitability of B2 as
a n-type material in solar cells and is a result that is consistent
with the literature.[9]

In order to study the electron density and its distributions,
density functional calculations were performed using the Gaus-
sian 09 suite of programs and the B3LYP/6-311 + G(d,p)//B3LYP/
6-31G(d) level of theory.[12] The HOMO and LUMO orbital densi-
ty distribution is shown in Figure 4. The HOMO density is con-
sistently occupied over the central FL block, whereas the
LUMO density resides over the NDI functionality. Such segrega-
tion of HOMO–LUMO densities is vital for optimum band gap
and charge transportation, and is ideal for intramolecular
charge-transfer transition between donor (push) and acceptor
(pull) fragments. The experimental HOMO energy levels of B2
and PC61BM were identical, whereas the LUMOs were close
enough to suggest the suitability of B2 as a prominent non-
fullerene acceptor. Moreover, they were well aligned with
those of P3HT to facilitate electron transfer (see Figure 5 for
the energy level diagram). This justifies our rational design ap-
proach and also the suitability of B2 as an electron acceptor in
solar cells, a result that is consistent with the CV analysis.

After examining the optoelectronic properties of B2 and cor-
relating them with those of the conventional PC61BM acceptor,

Figure 1. UV/Vis absorption spectra of B2 in chloroform solution, as a pristine
film, and as a 1:1 P3HT–B2 solid-state blend.

Figure 2. Fluorescence spectra of a pristine film of B2 (B2 PL) along with its
1:1 blend with P3HT as-cast (B2 B), spin-coated from o-dichlorobenzene
(lex = 530 nm).

Figure 3. Cyclic voltammogram of B2, measured in freshly distilled dichloro-
methane at a sweep rate of 50 mV sec�1, showing two reversible reduction
potential waves.
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we attempted to fabricate solution-processable BHJ devices
using the archetypal rr-P3HT as a donor and the newly devel-
oped B2 as an acceptor. The blend solution of p-type semicon-
ducting rr-P3HT and n-type B2 was prepared in o-dichloroben-
zene and spin-coated on top of a poly(3,4-ethylenedioxythio-
phene)–polystyrene sulfonate (PEDOT:PSS) surface as an active
layer. In this preliminary study, we selected rr-P3HT as a donor
polymer as it is one of the most thoroughly studied and un-
derstood polymers in the field of organic photovoltaics,[13] and
has the potential to be synthesized using low-cost, high-
throughput methods.[14] Furthermore, the simple device archi-
tecture was chosen for reasons of processability, stability and
reproducibility.

The BHJ device architecture used in this study was ITO (tin-
doped indium oxide)/PEDOT:PSS (38 nm)/active layer/Al
(100 nm), where the active layer was a 1:1 blend of rr-P3HT–
B2, spin-coated from o-dichlorobenzene. Lin et al.[8d] and Patil
et al.[10] have shown that parameters such as use of high-boil-
ing solvents (preferable for processing), for instance o-dichloro-
benzene, and thermal annealing of active layers incorporating
small-molecule non-fullerene acceptors are beneficial during
the fabrication of BHJ devices. Using these as prerequisites, we
used o-dichlorobenzene as the processing solvent and an-
nealed our blend films at 120 8C for 5 min. These initial BHJ de-
vices produced promising performances and the photovoltaic
cell parameters Voc, short-circuit current density (Jsc), FF and
PCE, reached 0.58 V, 3.69 mA cm�2, 54.3 % and 1.16 %, respec-
tively, at 5 min post-annealing at 120 8C. It is important to note
that all of these devices (a total of six devices were made) af-
forded FF>50 %, and that the device parameters reported
herein are for the best-performing device. The J–V curve for
the high-performing rr-P3HT–B2 BHJ device is shown in
Figure 6. For comparison, we also fabricated P3HT–PC61BM de-
vices under similar conditions. By contrast, the maximum PCE
obtained for a device based on P3HT–PC61BM was 2.96 %, thus
suggesting the reliability of our device strategy (Figure S6).
The high FF values of the P3HT–B2 devices are due to the bal-
anced charge-carrier mobility of both holes and electrons. The
balanced charge transport with electron/hole mobility leads to
a high FF value of up to 54 %.

The incident photon-to-current-conversion efficiency (IPCE)
measurement of these BHJ devices was broad spectrum, typi-
cally over the whole visible range, from 300 to 670 nm. The
IPCE value for rr-P3HT–B2 device reached a maximum of ap-
proximately 29 % at around 560 nm (Figure 7).

Although the IPCE value is moderate, the initial performance
of this system is significant and promising. Similar effects
(lower IPCE and higher FF) have been reported by Lin et al. ,[8g]

who used an indacenodithiophene–perylenediimide chromo-
phore as an acceptor with an rr-P3HT donor. By using other
donor polymers or small molecules with varying optical band

Figure 4. Orbital density distribution for the HOMOs (bottom) and LUMOs
(top) of B2. Density functional calculations were performed using the Gaussi-
an 09 suite of programs and the B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d) level
of theory.

Figure 5. Energy level diagram showing alignments of different architectural
components of the BHJ device.

Figure 6. J–V curve for the device based on B2 in blends with rr-P3HT (1:1
w/w) under simulated sunlight (AM1.5 illumination, 1000 W m�2).
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gaps and different energy levels, the PCE value can be further
elevated. The performance can also be improved by using
other strategies, such as an effective interlayer, for example, of
metal oxide, which can facilitate an efficient charge extraction,
or by methods involving solvent additives, solvent annealing
or inverted geometries. The solid-state microstructure analysis
of B2 and its blends with rr-P3HT was studied by atomic force
microscopy (AFM) in the tapping mode. The surface morpholo-
gy in terms of phase and height of as-cast B2 (a, c) and the rr-
P3HT–B2 (1:1 w/w) blend annealed at 120 8C for 5 min (b, d) is
shown in Figure 8.

The morphology of the blend showed intermixing of both
donor and acceptor components and the presence of crystal-
line grains with larger size domains (root-mean square rough-
ness of 7 nm). Such morphology is favorable for the formation
of an appropriate donor–acceptor interface and the crystalline
grains or domains are probably a result of rr-P3HT self-organi-
zation, which aids formation of an ordered structure and

charge transport in the thin film.[15] Pristine B2 showed large
crystalline domains with large grain boundaries.

After analyzing the crystalline morphology, we studied the
charge transport properties of B2. In our first study, we used
B2 as an active-channel semiconductor on octyltrichlorosilane
(OTS-C8) and octadecyltrichlorosilane (OTS-C18) self-assembled
monolayer-treated Si–SiO2 substrates for organic field-effect
transistor (OFET) devices using source and drain gold electro-
des. Spun devices did not exhibit OFET mobility, whereas the
thin film pre-annealed at 120 8C exhibited charge-carrier mobi-
lity. The highest electron mobility measured was 3 �
10�4 cm2 V�1 s�1 for the OTS-C18-treated substrate at 120 8C. The
transfer characteristics of an B2-based OFET device are shown
in Figure 9. The threshold voltage calculated from the transfer
curve is 25 V and the on/off ratio is 104.

The main aim of designing and synthesizing B2 was to use
it as a non-fullerene electron acceptor in organic solar cell de-
vices, therefore we also studied the charge-transport proper-
ties of B2 using the time-of-flight photoconductivity (TOF-PC)
method.[16, 17] The electron mobility of B2 is measured in a verti-
cal diode structure (resembling the solar cell device structure)
in order to confirm the charge-carrier transport capability in
the blend. The details of the TOF-PC technique has been re-
ported in an earlier publication.[18] A simple ITO/B2(1200 nm)/
Al diode-based device was fabricated. The electron mobility
was measured directly by exciting the B2 pristine film using
a pulsed laser of wavelength 530 nm (pulse width <5 ns, repe-
tition rate 1 Hz) through the ITO electrode. A negative bias
was applied to the ITO electrode in order to measure the elec-
tron mobility. The TOF photocurrent transients measured in
a B2 film of 1200 nm thickness at room temperature for differ-
ent negative bias voltages are shown in Figure 10, inset. The
peak position of the transients, corresponding to the transit
time of carriers was obtained and the respective charge mobili-
ty was calculated. The variation of charge mobility with the ap-
plied electric field is shown in Figure 10. It was observed that

Figure 7. IPCE spectrum measured for the rr-P3HT–B2-based BHJ device.

Figure 8. Height and phase AFM images for a thin film of as-cast B2 (a, c)
and rr-P3HT–B2 blend (1:1 in o-dichlorobenzene), spun at 1000 rpm for
1 min and annealed at 120 8C for 5 min (b, d).

Figure 9. Transfer characteristics of top-gate, bottom-contact OFET devices
using B2 as an active-channel semiconductor (channel width 2000 mm,
length 20 mm).
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the charge mobility is weakly dependent on the applied elec-
tric field. The obtained electron mobility of B2 is approximately
1 � 10�4 cm2 V�1 s�1 at an applied electric field of 2 � 105 V cm�1.
The measured electron mobility using the TOF-PC method is
consistent with the results obtained in the OFET. The main ad-
vantage of using an integrated TOF-PC method is that the
device contact effect does not hamper the measurement and
it also enables the measurement in thin films and disperse
samples.

The material reported herein is evidently structurally simple
and can be synthesized with ease, which are advantages com-
pared to fullerene acceptors, for which high cost and lengthy
purification procedures have been limiting factors. Although
we achieved a high FF with moderate, albeit promising, PCE in
solution-processable BHJ devices, this study provides an op-
portunity to explore new device strategies and B2 is worth
adding to the molecular library of non-fullerene acceptors.

Conclusions

A novel, solution-processable, small-molecule chromophore,
B2, was designed and developed as a non-fullerene electron
acceptor for organic BHJ devices. B2 displayed excellent solu-
bility, thermal stability, strong and broad absorption, appropri-
ate energy levels that match those of an established electron
donor moiety (rr-P3HT), and good electron mobility. The rr-
P3HT–B2 blend film formed structured, nanoscale interpene-
trating networks, which is beneficial to charge separation and
enhanced efficiency of the BHJ devices. Simple BHJ devices
based on the blends of rr-P3HT and B2 exhibited PCEs as high
as 1.16 % with a high FF value of 54.3 %, which, in fact, is
amongst the highest values reported for a single-junction BHJ
device. B2 is an exciting structure with a clear potential to be
included in the molecular library of n-type materials. This work
demonstrated that the introduction of dye units in small mole-
cules based on FL and NDI functionalities is a good strategy
for developing new non-fullerene electron acceptors with
promising performance in BHJ devices. The optimization of
this work, as well as a search for novel designs of non-fullerene

chromophores based on promising functionalities such as FL
and NDI, is the subject of on-going research in our laborato-
ries. Furthermore, such materials exhibit interesting charge-
transport properties and promising electron mobilities in OFET
and diode devices. The investigation of encouraging materials,
of which B2 is an example, and acquiring promising optoelec-
tronic and photovoltaic properties, are opportunities to devel-
op novel motifs based on terminal NDI functionalities.

Experimental Section

Materials and Instruments

All reagents and chemicals were purchased from Sigma–Aldrich
and used without further purification. The solvents used for reac-
tions were obtained from Merck Speciality Chemicals (Sydney, Aus-
tralia) and were used as provided. The synthesis of 4,9-dibromo-
2,7-dioctylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone
was reported previously.[10] Unless otherwise specified, all 1H and
13C NMR spectra were recorded using a Bruker AV300 spectrometer
at 300 and 75 MHz, respectively, or a Bruker AV200 spectrometer at
200 and 50 MHz, respectively. Chemical shifts (d) are reported in
parts per million (ppm). Thin-layer chromatography (TLC) was per-
formed using 0.25 mm thick plates precoated with Merck Kiesel-
gel 60 F254 silica gel and visualized using UV light (254 nm and
365 nm). Melting points were measured using a Gallenkamp
MPD350 digital melting point apparatus and are uncorrected.
High-resolution mass spectra experiments were carried out on
a Bruker AutoFlex matrix-assisted laser desorption/ionisation
(MALDI) time of flight (TOF) mass spectrometer. All UV/vis absorp-
tion spectra were recorded on a Hewlett Packard HP 8453 diode
array UV/vis spectrophotometer. Thin films were spin-coated from
o-dichlorobenzene at a spin speed of 2000 rpm for 1 min onto
cleaned glass slides. B2 was spin-coated from solutions at a concen-
tration of 20 mg mL�1. P3HT–B2 blend solutions were prepared in
the same manner as for devices, that is, P3HT (15 mg) and B2
(15 mg) in o-dichlorobenzene (total volume of 1 mL). Where speci-
fied, films were annealed at 120 8C for 5 min. Fluorescence spectra
were recorded using a PerkinElmer LS50B fluorimeter. PESA meas-
urements was recorded using a Riken Keiki AC-2 PESA spectrome-
ter with a power setting of 5 nW and a power number of 0.5. Sam-
ples for PESA were prepared on clean glass substrates. The thermal
stability of B2 was investigated using TGA and DSC. CV was per-
formed in freshly distilled dichloromethane (stored over calcium
hydride), with a supporting electrolyte of nBu4NPF6 (electrochemi-
cal grade, 0.1 m), which was twice crystallized from ethanol before
use. A glassy carbon electrode was used as a working electrode
(ALS, Tokyo, Japan), which was polished with 0.05 mm alumina on
a felt pad, washed with distilled water followed by ethanol, and
dried under an N2 stream before use. A Pt wire was used as a coun-
ter electrode and an Ag wire was used as a pseudo-reference elec-
trode. Solutions were doped with an approximately equimolar
amount of ferrocene as an internal reference. Voltammograms
were measured at a scan rate of 50 mV sec�1. Redox potentials (E1/2

values) were taken as a half-way point between the forward and
reverse peaks for each reversible redox process.

Synthesis of 4-bromo-2,7-dioctyl-9-(octylamino)benzo[lmn]
[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (1)

4,9-Dibromo-2,7-dioctylbenzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone (2.51 g, 3.87 mmol) was added to a solution

Figure 10. Variation of electron mobility with applied electric field; inset:
current integrated TOF-PC transients for electrons measured at different ap-
plied voltages.
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of octylamine (500 mg, 3.87 mmol), sodium tert-butoxide (558 mg,
5.81 mmol) and palladium acetate (112 mg, 0.50 mmol) in toluene
(20 ml), followed by the addition of tri-tert-butylphosphine
(404 mg, 2 mmol) at room temperature. The resulting suspension
was heated at reflux overnight. Thin-layer chromatography indicat-
ed the disappearance of the starting dibromo derivative. The reac-
tion mixture was filtered through celite followed by solvent evapo-
ration. The crude residue was purified by silica gel column chroma-
tography (hexane/ethyl acetate 19:1) to yield 870 mg (32.3 %) of
1 as a light pink solid. Rf = 0.32; m.p. 110–111 8C; 1H NMR (300 MHz,
CD2Cl2): d= 10.09 (t, J = 2.1 Hz, 1 H; NH), 8.86 (s, 1 H; NDI), 8.28 (s,
1 H; NDI), 4.24–4.17 (t, J = 7.2 Hz, 4 H), 3.71–3.62 (m, 2 H), 1.98–1.87
(m, 2 H), 1.82–1.71 (m, 4 H), 1.49–1.21 (m, 30 H), 0.98–0.87 ppm (m,
9 H); 13C NMR (75 MHz, CDCl3): d= 165.8, 161.9, 161.7, 161.3, 151.7,
138.1, 128.5, 127.2, 123.3, 123.2, 121.3, 120.4, 120.1, 99.7, 53.4, 43.4,
41.4, 40.5, 31.8, 31.8, 29.4, 29.3, 29.2, 29.2, 28.0, 28.0, 27.2, 27.0,
22.6, 12.1 ppm; HRMS (MALDI-TOF): m/z : calcd for C38H54BrN3O4:
696.3370 [M]+ ; found 696.3380.

Synthesis of 9,9’-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(2,7-di-
octyl-4-(octylamino)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone) (B2)

(9,9-Dioctyl-9H-fluorene-2,7-diyl)diboronic acid (300 mg,
0.63 mmol) and compound 1 (1.31 g, 1.89 mmol) were dissolved in
1,2-dimethoxyethane (25 mL) in a 100 mL round-bottom flask, fol-
lowed by the addition of potassium carbonate (261 mg,
1.89 mmol) at room temperature. The resulting suspension was
stirred for 30 min and degassed by vacuum/N2 purging (3 �) before
[Pd(PPh3)4] (58 mg, 0.05 mmol) was added. The resulting dark
yellow suspension was stirred at 100 8C overnight and the solvent
was evaporated to afford a crude red solid, which was purified by
silica gel column chromatography (hexane/ethyl acetate, 8:2) to
afford B2 (685 mg, 67 %) as a bright red solid. Rf = 0.38; m.p. 230–
232 8C; 1H NMR (300 MHz, CD2Cl2): d= 10.14 (t, J = 2.2 Hz, 2 H; NH),
8.63 (s, 2 H; NDI), 8.31 (s, 2 H; NDI), 8.97–7.93 (d, J = 7.1 Hz, 2 H),
7.49–7.42 (d, J = 6.8 Hz, 2 H), 7.37 (s, 2 H), 4.23–4.22 (t, J = 7.4 Hz,
4 H), 4.11–3.98 (t, J = 7.4 Hz, 4 H), 3.72–3.60 (m, 4 H), 2.09–1.98 (m,
4 H), 1.89–1.81 (m, 4 H), 1.79–1.61 (m, 4 H), 1.49–1.19 (m, 84 H),
1.11–1.06 (m, 4 H), 0.98–0.87 (m, 12 H), 0.83–0.79 ppm (t, J = 7.1 Hz,
12 H); 13C NMR (75 MHz, CDCl3): d= 167.6, 164.2, 162.2, 152.4,
147.5, 141.8, 140.6, 138.3, 135.4, 134.1, 130.9, 129.3, 128.7, 123.6,
122.8, 121.0, 120.89, 120.78, 100.1, 43.7, 40.6, 33.9, 32.3, 32.2, 32.2,
29.9, 29.8, 29.7, 29.6, 29.6, 28.5, 27.6, 27.5, 24.4, 23.1, 14.2,
12.7 ppm; MS (MALDI-TOF): m/z : calcd for C105H148N6O8 : 1621.2
[M]+ ; found: 1621.2; Elemental analysis calcd for C105H148N6O8 (%):
C 77.74, H 9.20, N 5.18, O 7.89; found: C 77.72, H 9.16, N 5.15, O
7.86.

Fabrication and Characterization of BHJ Devices

Indium tin oxide (ITO)-coated glass (10 ohms per square) was
cleaned by sonication in a stirred solution of 5 % (v/v) Deconex
12PA detergent for 30 min. The ITO-coated glass was then succes-
sively sonicated for 10 min each in distilled water, acetone, and iso-
propanol. The substrates were then subjected to a UV–ozone clean
at 100 8C for 10 min using a Novascan (Ames, USA) PSD-UVT UV–
ozone cleaner with the platform set to maximum height. The in-
tensity of the lamp was >36 mW cm�2 at a distance of 10 cm. At
ambient conditions, the ozone output of the UV cleaner was
>50 ppm. Aqueous solutions of PEDOT:PSS (Baytron P AI 4083, HC
Starck, Munich, Germany) were filtered (0.45 mm polyvinylidene
fluoride filter) and deposited onto glass substrates in air by spin-
coating (WS-400B-6NPP-lite single-wafer spin processor, Laurell

Technologies, North Wales, USA) at 4000 rpm for 60 s to give
a 35�5 nm thick layer. The PEDOT:PSS layer was then annealed on
a hotplate in a glove box at 120 8C for 10 min. For BHJ devices, B2
and P3HT (Nano-C, Westwood, USA) were separately dissolved in
individual vials with magnetic stirring. Blend ratios and solution
concentrations were varied to optimize device performance. The
solutions were then combined, filtered (0.45 mm PTFE filter), and
deposited by spin-coating (G3P spin coater, SCS, Indianapolis, USA)
onto the ITO-coated glass substrates inside a glove box (with H2O
and O2 levels both <1 ppm). Film thicknesses were determined on
identical samples using a 6M profilometer (Dektak, New Jersey,
USA). The coated substrates were then transferred (without expo-
sure to air) to a vacuum evaporator inside an adjacent N2-filled
glove box. Samples were placed on a shadow mask in a tray. The
area defined by the shadow mask gave device areas of exactly
0.09 cm2. Deposition rates and film thicknesses were monitored
using a calibrated quartz thickness monitor inside the vacuum
chamber. Aluminium (three pellets, 99.999 %, KJ Lesker, Jefferson
Hills, USA), from an alumina-coated graphite boat, having thick-
nesses of 100 nm, were evaporated onto the active layer by ther-
mal evaporation at pressures <2 � 10�6 mbar.

The J–V characteristics of the BHJ devices were measured under
AM1.5G illumination at 100 mW cm�2 (SAN-EI Electric XEC-301S
solar simulator). The light intensity of the solar simulator was cali-
brated using a monosilicon detector (with a KG-5 visible color
filter) to minimize the spectral mismatch. For IPCE measurements,
the devices were tested in situ in a glovebox. IPCE data was col-
lected using an Oriel 150 W lamp coupled to a monochromator
and an optical fiber. The output of the optical fiber was focused to
give a beam that was contained within the area of the device. IPCE
data was calibrated with a standard, unfiltered Si cell. AFM topo-
graphic maps were measured directly on the active layer of P3HT–
B2 blends using an Asylum Research Santa Barbara, USA) MFP-3D-
SA instrument. The AFM measurements were run in the intermit-
tent contact mode (tapping mode) using MicroMasch NSC18 tips
(typical resonant frequency �100 kHz, typical probe radius
�10 nm, typical aspect ratio 3:1).

Preparation of Thin-Film Transistors

Top-contact, bottom-gate OTFT devices fabricated using n+-Si–SiO2

substrates where n+-Si and SiO2 work as gate electrode and gate
dielectric, respectively. The thickness of thermally grown SiO2 layer
was around 200 nm with a capacitance of approximately
17 nF cm�2. The Si–SiO2 substrate was cleaned with acetone and
isopropanol. It was then immersed in a piranha solution (H2SO4/
H2O2) for 20 min, rinsed with deionized water, and kept in
a vacuum oven at 120 8C for 3 h with a few drops of OTS-C8/OTS-
C18. It was then rinsed sequentially with chloroform, isopropanol,
deionized water, and then dried with a stream of N2 gas. The B2
thin film was deposited from a 10 mg mL�1 solution in chloroform
onto the alkylsilane-treated Si–SiO2 substrate by spin-coating. Sub-
sequently, on top of the B2 active layer, a 100 nm thick Au thin
film was deposited for source (S) and drain (D) electrodes through
a shadow mask. For a typical OTFT device reported here, the S–D
channel length (L) and width (W) was 20 and 2000 mm, respectively.
The characteristics of the OTFT devices were measured at room
temperature under N2 with a Keithley 4200 source meter. Measure-
ments of the transistor characteristics were made using an Agilent
B1500 A parameter analyzer. The two-probe field-effect mobility (m)
was calculated from the saturation regime of transfer characteris-
tics. The standard transistor equation [Eq. (1)] in saturation mode
was used to estimate the value of m :
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where Ci is the gate insulator capacitance.

Time-of-Flight Photoconductivity Measurements

The TOF-PC system consisted of a pulsed Nd:YAG laser-pumped
optical parametric oscillator (Ekspla laser, pulse width <5 ns, 1 Hz
repetition rate), pulsed generator (SRS-DG535, Stanford Research
Systems, USA), a dc voltage source, and a digital oscilloscope (Agi-
lent Infiniium, 1 GHz, 4 Gsa s�1). The device architecture used for
the TOF photoconductivity measurements was ITO/active layer
(1200 nm)/Al. The laser of wavelength 530 nm was used to excite
the sample through the ITO side of the device. The photocurrent
under the influence of the applied electric field was monitored
across a resistor (R = 2 kW) using an oscilloscope. Care was taken
to ensure that the measurement was carried out in integrated
mode, in which the time taken to collect the maximum charge cor-
responds to the carrier transit time (tm). The TOF transients were
measured by applying a different negative voltage to the ITO elec-
trode in order to measure the electron mobility. The tm value was
extracted from the peak position of the photocurrent transients.
The charge mobility (m) was calculated using the relationship m=
d2/tmV, where d is the film thickness and V is applied voltage.
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An Electron-Accepting Chromophore
Based on Fluorene and
Naphthalenediimide Building Blocks
for Solution-Processable Bulk
Heterojunction Devices

No balls, please: A unique, non-fuller-
ene, electron-accepting chromophore
(B2) was designed, synthesized, and
successfully used in solution-processa-
ble bulk heterojunction devices. A
power conversion efficiency of 1.16 %
was achieved for primitive bulk hetero-
junction devices with a high fill factor of
approximately 54 %. This fill factor is
among the highest reported for non-
fullerene acceptors.
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