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ABSTRACT:

We designed, synthesized and characterized a series of novel electron deficient small
molecules non-fullerene acceptors based on 1,8-naphthalimide (NAI) and 9-fluorenone (FN)
with different branched alkyl chains using various techniques. These molecules are based on
an acceptor—donor—acceptor—donor—acceptor  (A1-D-A2-D-Al) molecular design
configuration with NAI as the end capping acceptor (A1), FN for electron-withdrawing central
(A2) group and thiophene ring as a donor (D) unit. These materials are named as NAI-FN-NAI

(BO) and NAI-FN-NAI (HD) where BO and HD represent butyloctyl and hexyldecyl alkyl



groups respectively. To further modify energy levels of materials, we converted the weak
electron withdrawing ketonic group (C=0) attached to FN moiety of NAI-FN-NAI (BO) to a
stronger electron withdrawing cyano group (C=N) to obtain compound NAI-FCN-NAI (BO)
by keeping the same alkyl chain. The optical, electrochemical and thermal properties of the
new acceptors were studied. The materials exhibit higher to medium band gaps, lower lowest
unoccupied molecular orbital (LUMO) energy levels and highly thermally stable properties.
Organic solar cell devices employing conventional poly(3-hexylthiophene) (P3HT) a donor
polymer and newly designed small molecules as the acceptor were investigated. Among all
new materials, organic solar cell devices based on NAI-FN-NAI (BO) as an acceptor exhibit
the highest performance with an open circuit voltage (Voc) of 0.88V, a short-circuit current
density (Jsc) of 9.1 mAcm?, a fill factor (FF) of 45%, and an overall power conversion
efficiency (PCE) of 3.6%. This is the first report of 9-fluorenone based non-fullerene acceptor

with P3HT donor in organic solar cell devices with such a promising performance.
INTRODUCTION

For the past two decades, extensive research efforts have been devoted to the
improvement of solution-processed bulk heterojunction (BHJ) organic solar cells (OSCs) due
to their advantages such as low cost, light weight and mechanical flexibility.!> Concerning the
choice of materials, till date the majority of the high performance OSC devices have been
reported using a wide range of functional conjugated donor materials (either small molecules
or polymers) with fullerene-based either [6,6]- phenyl-C61 butyric acid methyl ester (PCs1BM)
or [6,6]- phenyl C71-butyric acid methyl ester (PC71BM) molecules as the acceptor. PCsiBM
and PC71BM are the most commonly used acceptors in the OSC community due to their good
electron mobility, superior electron affinity and an appropriate LUMO level. Currently, the
best power conversion efficiency (PCE) of OSCs of about 10-11% has been achieved either by

donor material development or through device engineering.’¢ The electron acceptor plays as



crucial role, similarly to the electron donor material in obtaining high performance OSCs.
However, compared with donor materials, the development of acceptor materials have lagged
far behind and not many electron acceptors have been reported in the literature. Although
fullerene derivatives have contributed substantially to the enhancement of OSC device
performance, they have some limitations including the limited light absorption in the visible
and NIR regions, high cost, difficulty to purify, and poor morphological stability.”® To address
these difficulties, various non-fullerene acceptors have been explored in the past few years and
the efficiency of non-fullerene OSCs began to increase rapidly since the year 2010. Recently,
the PCE value has been boosted to 7-9%,>!? and more recently, Zhao et. al. have achieved the
world record PCE over 11%.!3 One of the most distinct advantages of using non-fullerene
electron acceptor materials is the range of options available in selecting various aromatic
building blocks, especially the n-type electron withdrawing conjugated moieties. Among
various n-type building blocks, 1,8-naphthalimide (NAI) is a promising candidate for designing
novel electron accepting materials, since NAI based small molecular acceptors usually possess
a low-lying LUMO energy level, which can match the energy level of many wide band gap
polymers.'+1¢ In addition, alkyl side chains at the N-position of the NAI moiety will induce
good material solubility which is important for homogeneous mixing with donor component
for achieving appropriate nanomorphology. Recently, Kwon et al. reported efficient non-
fullerene solar cells with a PCE value of 7.64% by utilising the NAI based (2E,2’F)-3,3’-(2,5-
bis(hexyloxy)-1,4-phenylene)bis(2-(5-(4-(N-(2-ethylhexyl)-1,8-naphthalimide)yl)-thiophen-
2-yl)acrylonitrile) (NIDCS-HO) as an electron acceptor with a donor polymer poly[(2,5-bis(2-
hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c]-
[1,2,5]thiadiazole)] (PPDT2FBT). This result clearly indicates there is a great potential of NAI
building block for designing and synthesizing new materials for OSCs application via

molecular engineering strategy using promising cheap precursors.!”



In order to design and synthesize a good acceptor, an appropriate electron accepting
conjugated building blocks with high electron affinity need to be incorporated in the conjugated
backbone which can modulate the appropriate LUMO value and can also retain the good
electron mobility. One of the potential architectures for designing the new electron acceptor is
building blocks with acceptor-donor-acceptor-donor-acceptor structure (A1-D-A2-D-A1)'®
(where A1 and A2 have different electron affinities). With this configuration, electronic energy
levels and band gaps can be easily tuned by modifying the core and terminal electron acceptor
units.!® Taking the A1-D-A2-D-A1 molecular design strategy into account, we synthesized a
series of novel electron acceptors based on NAI as the electron-withdrawing terminal group
attached to a donor thiophene unit in combination with 9-fluorenone and dicyanofluorene as
the weak and strong electron withdrawing central building blocks (see Figure 1). The 9-
fluorenone incorporated newly designed compounds with two different branched butyl octyl
(BO) and hexyl decyl (HD) alkyl chains have been named as 6,6'-((9-oxo-9H-fluorene-2,7-
diyl)bis(thiophene-5,2-diyl))bis(2-(2-butyloctyl)-1 H-benzo[de]isoquinoline-1,3(2H)-dione)
(NAI-FN-NAI (BO)) and 6,6'-((9-ox0-9H-fluorene-2,7-diyl)bis(thiophene-5,2-diyl))bis(2-(2-
hexyldecyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione) (NAI-FN-NAI (HD)), respectively.

20,21

The 9-fluorenone central block has been used due to its higher chemical stability, energy

2223 and simple preparation?>?*. The thiophene spacer was used with NAI

level tunability,
because of its relatively strong interchain interaction and high charge carrier mobility well

proven in BHJ OSCs.?>2
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Fig. 1: Molecular Engineering approach to design novel electron acceptors

In order to further modify energy levels of the materials, we converted the ketonic group
(C=0) substituted on 9-fluorenone moiety of NAI-FN-NAI (BO) to the stronger electron
withdrawing cyano groups via cyanation, and this successfully yielded a new compound 2-
(2,7-bis(5-(2-(2-butyloctyl)-1,3-dioxo-2,3-dihydro- 1 H-benzo[de]isoquinolin-6-yl)thiophen-2-
y)-9H-fluoren-9-ylidene)malononitrile (NAI-FCN-NAI (BQO)). In this work, we discuss the
synthesis of new non-fullerene acceptors along with their complete thermal, optical,
electrochemical properties using different characterization techniques. Finally, we have
evaluated the newly synthesized non-fullerene acceptors with P3HT donor blends in OSC BHJ
devices and their photovoltaic properties are discussed in detail. With a P3HT donor, Holliday
et. al. have reported the highest PCE of 6.3 % with a non-fullerene acceptor,?’ whereas our new
non-fullerene acceptor exhibits a still impressive PCE of 3.6 %. The measured PCE is
promising because there are still relatively unstudied materials, which have not yet undergone
extensive optimization. The nanomorphology of the blend is also studied in detail using the

atomic force microscopy (AFM) technique.



RESULTS AND DISCUSSION

New non-fullerene Acceptor Molecular Design and Synthesis:

Scheme 1 depicts the synthetic routes to a series of new acceptor materials based on three
conjugated segments including NAI and FN with two different alkyl chains. Two different
alkyl groups were chosen in order to evaluate the effect of alkyl chain length on the solubility,
miscibility with donor polymer in blends, and tunability of their crystallinity. In order to induce
the solution processibility to the NAI core, first alkyl alcohols were converted to their
respective alkyl bromides (1) and then reacted with potassium phthalimide to give
alkylphthalimide derivatives (2). These compounds were reduced by hydrazine monohydrate
to form respective alkyl amines (3). The alkylnaphthalimide group (4) was prepared by reacting
4-bromo-1,8-naphthalic anhydride with either 2-butyl-octylamine or 2-hexyl-decylamine in
gram-scale quantities. Then, the alkylated naphthalimide was subjected to Stille coupling
reaction with commercially available tributyltin thiophene in the presence of a palladium
catalyst to produce alkyl substituted thiophene naphthalimide (5). This compound was further
converted to its monobromo derivative (6) using N-bromosuccinamide (NBS) as the starting
precursor. Another starting precursor, 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-fluoren-9-one, was synthesized using bispinacolatodiboron, potassium acetate and PdClz
(dppf) catalyst from 2, 7-dibromo fluorenone with a good yield. Afterward, butyl octyl and
hexyl decyl branched alkyl substituted monobromo-thiophene naphthalimide were reacted with
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluoren-9-one via Suzuki coupling
and the target compounds NAI-FN-NAI (BO) and NAI-FN-NAI (HD) were obtained. Another
NAI-FCN-NAI (BO) target compound with strong electron withdrawing dicyano functionality
on fluorine was prepared from fluorenone substituted NAI-FN-NAI (BO) compound using
malononitrile in DCM in the presence of titanium tetrachloride and pyridine. All compounds

show good solubility in common organic solvents such as chloroform, dichloromethane,



toluene, tetrahydrofuran, etc. and which allowed fabricating solution-processed small molecule
OSC devices. The purity of all the synthesized precursors as well as final semiconductors were

confirmed by proton and carbon NMR spectroscopy.
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Scheme 1. Synthetic route of building blocks. Reagent and conditions: (a) Triphenylphosphine,
Br2, DCM, 0 °C ~ room temp., overnight, 95%; (b) Potassium phthalimide, DMF, 90 °C 24h,
90%; (c) NH2NH2-H20, MeOH, refluxed, 8h, 100%; (d) Anhydrous DMF, 110 °C, overnight,
60%; (e) 2-Tributylstannylthiophene, Pd(dppf)Cl2, Toluene, refluxed, 10h, 65%; (f) NBS,
DMF, room temp., overnight, 80%:; (g) 2M K2CO3, toluene, Pd(PPhs)4, 110 °C, 48 h, 65%; (h)

Malononitrile, CH2Clz, TiCls, pyridine, 0 °C ~ room temp., 10h, 76%.



Thermal Properties:

The thermal properties of all newly synthesized acceptor materials were investigated using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). All three
acceptor materials showed an excellent thermal stability and the decomposition temperatures
(Tq) with 5% weight loss were observed above 420 °C (Fig. 2). Such a high thermal stability is
arising from the fused aromatic fluorenone core attached to thiophene and NAI end capping
group. During DSC heating and cooling scans, NAI-FN-NAI (BO) and NAI-FN-NAI (HD)
showed crystallization peaks at 193 °C and 200 °C whereas melting peaks were observed at
214°C and 216 °C, respectively (Fig. 3). This result clearly demonstrated that the slight change
of alkyl chain length did not alter thermal properties. NAI-FCN-NAI (BO) exhibited higher
melting and crystallization points at 257 °C and 224 °C, respectively, indicating the more rigid
structure of NAI-FCN-NAI (BO) than NAI-FN-NAI (BO) and NAI-FN-NAI (HD)
compounds. The central dicyanofluorene conjugated moiety is responsible for enhancing the
high thermal stability NAI-FCN-NAI (BO). The high thermal stability of these novel
compounds might be very helpful in preventing degradation of the active layer of blends with

donor polymers in OSCs devices upon annealing.
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Fig. 3: Differential Scanning Calorimetric (DSC) analysis of NAI-FN-NAI (BO),

NAI-FN-NAI (HD) and NAI-FCN-NAI (BO).



Optical Properties:

The absorption spectra of the compounds in a chloroform solution and in thin film are shown
in Fig. 4. NAI-FN-NAI (BO) and NAI-FN-NAI (HD) exhibit very similar absorption spectra
with the maximum absorption peaks around 425 nm, whereas NAI-FCN-NAI (BO) shows a
similar maximum absorption peak around 425 nm with an additional peak at 585 nm. The
similar absorption of NAI-FN-NAI (BO) and NAI-FN-NAI (HD) compounds are due to an
identical conjugated backbone and the only difference in their structure being the nature of
alkyl chain which doesn’t play a role in optical tuning. The extra peak of NAI-FCN-NAI (BO)
compound in the absorption spectrum is achieved by converting the ketonic group to the cyano
group. In thin film, the maximum absorption peaks in the longer wavelength region of NAI-
FN-NAI (BO), NAI-FN-NAI (HD) and NAI-FCN-NAI (BO) were 426 nm, 425 nm and 427-
625 nm, respectively. Comparing with the absorption spectra in solution, these peaks are red
shifted by about 14-39 nm due to the enhancement of intermolecular interaction in the solid
state. The absorption band-edge of the cast films for NAI-FN-NAI (BO), NAI-FN-NAI (HD)

and NAI-FCN-NAI (BO) are 582, 585 and 773 nm respectively, corresponding to the optical
bandgaps (E;pt) of 2.13, 2.12 and 1.61 eV. The lowest band gap of NAI-FCN-NAI (BO)

clearly shows that by simply tuning from a weak electron withdrawing ketonic group to a strong
electron withdrawing cyano group, the optical band gap can be reduced dramatically. The
higher band gap nature of NAI-FN-NAI (BO) and NAI-FN-NAI (HD) compounds may be
arising from the lower interaction between NAI end capping group and central fluoreneone
core attached to thiophene. Absorption at shorter wavelength is due to the lower conjugation
length arising from the twisted conjugated backbones. In spite of higher optical band gap, they
can be suitable electron transporting materials due to the strong withdrawing moieties
incorporated in their backbone and the materials appropriate electron mobility and energy

levels.
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and (c) NAI-FCN-NAI (BO) in chloroform solutions and as thin films.

11



Electrochemical Properties:

The electrochemical properties of all three compounds were investigated by cyclic
voltammetry (CV) with a glassy carbon working electrode using 0.1 M tetra(n-
butyl)ammonium hexafluorophosphate (n-BusNPFs) in DCM solution as an electrolyte at a
potential scan rate of 100 mV/s. The reference electrode (Ag/Ag") was calibrated by the
ferrocene/ferrocenium (Fc/Fc™) redox couple (4.8 eV below the vacuum level). As shown in
Fig. 5, compounds NAI-FN-NAI (BO), NAI-FN-NAI (HD) and NAI-FCN-NAI (BO)
exhibited quasi-reversible reduction and oxidation waves. The oxidation and reduction onset
values were calculated by taking intersection of baseline to the rising current point from CV
data. The HOMO and LUMO values for all materials were calculated using oxidation and
reduction onset values using the relation HOMO = -Enxomo = € (Eonset (ox) + 4.8) €V and ELumo
= ¢ (Eonset(red) + 4.8) €V. The HOMO values of compounds NAI-FN-NAI (BO), NAI-FN-NAI
(HD) and NAI-FCN-NAI (BO) were -6.07, -6.06 and -6.14 eV, respectively, whereas the
LUMO values were -3.96, -3.98 and -4.21 eV, respectively. The extremely lower HOMO
values of all materials are due to the strong electron withdrawing nature of newly synthesized
electron acceptors. The obtained LUMO values are appropriate and significantly lower for
better charge separation and electron transport. Furthermore, it is clear that the change of alkyl
chain did not affect the HOMO and LUMO energies. However, compared to NAI-FN-NAI
(BO), NAI-FCN-NAI (BO) demonstrated lower-lying HOMO and LUMO energies; which is
possibly due to the stronger electron withdrawing properties of cyano substituted compound
than that of ketonic group substituted materials.?®3° The optical (absorbance maxima, optical
band gaps) and electrochemical (HOMO-LUMO levels, electrochemical band gaps) properties
of these newly synthesized materials are shown in Table 1. The optical and electrochemical
band gaps of NAI-FN-NAI (BO), NAI-FN-NAI (HD) and NAI-FCN-NAI (BO) materials are

matching very well. The energy levels of these new acceptor materials were compared with
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donor polymer P3HT HOMO-LUMO values and work functions of metal anode/cathode

electrodes (See Fig. 6).
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Fig. 5: Cyclic voltammograms of NAI-FN-NAI (BO), NAI-FN-NAI (HD) and NAI-

FCN-NAI (BO).
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NAI-FCN-NAI (BO) based device.
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Table 1. Optical and electrochemical data for the molecules NAI-FN-NAI (BO), NAI-

FN-NAI (HD), NAI-FCN-NAI (BO)

Amax (nm) E;pt Egva HOMO LUMO
Compound
Solution Film (eV) (eV) (eV) (eV)
NAI-FN-NAI (BO) 411 426 2.13 2.11 -6.07 -3.96
NAI-FN-NAI (HD) 411 425 2.12 2.08 -6.06 -3.98

NAI-FCN-NAI (BO) 412,586 427, 625 1.64 1.93 -6.14 -4.21

2 Electrochemical bandgap = | HOMO - LUMO |

Theoretical calculations:

In order to further understand the properties of these newly synthesized materials, calculations
based on density functional theory3!3? at the B3LYP* (frontier orbital energies) levels of
theory using the basis set 6-31g+(d,p) were performed. A polarized continuum model of the
chloroform solvent was used.** The calculations were performed in Gaussian 09.%° Since the
alkyl chain does not participate in the conjugation backbone so herein we have selected two
compounds having common buty octyl chain and central cores with different electron affinities
(fluoreneone vs dicyanofluorene) As shown in Fig. 7, the HOMO and LUMO of NAI-FN-NAI
(BO) are delocalized along the entire backbone, whereas the LUMO of NAI-FCN-NAI (BO)
is much more localized around the central functionalized cyano substituted fluorene and its
HOMO is much better delocalized. The computational results show that the HOMO/LUMO
energy levels of NAI-FN-NAI (BO) and NAI-FCN-NAI (BO) were -5.82/-3.05 eV and -5.87/-
3.65 eV, respectively. The theoretical calculated HOMO-LUMO values of these new acceptors
are overestimated compared to the experimentally derived but the computed HOMO-LUMO
value validate the effect of different donor-acceptor building blocks observed experimentally.

The overestimated of the computed levels can be attributed to the limits of the model (basis

14



size and underlying DFT approximations). The dihedral angles between thiophene ring and

two central building blocks FN and FCN were 25.4° and 26.5°, respectively.

NAI-FN-NAI (BO) NAI-FCN-NAI (BO)

fg@tﬁ%a‘{m \>‘ 2%

HOMO

Fig. 7: Comparison of calculated energy levels HOMO and LUMO orbital surfaces of

NAI-FN-NAI (BO) or NAI-FCN-NAI (BO) using the DFT method.

Photovoltaic Properties:

Bulk heterojunction (BHJ) solar cells were fabricated using P3HT as the electron donor
material and NAI-FN-NAI (BO) / NAI-FCN-NAI (BO) / NAI-FN-NAI (HD) as the electron
acceptor material using standard OSC device fabrication conditions. Schematic diagram of the
solar cells with the conventional device architecture [[TO/PEDOT:PSS/active layer/LiF/Al] is
shown in Fig. 8a. The ITO coated glass acts as anode whereas PEDOT:PSS work function
modifying layer. The LiF and Al are electron blocking layer and cathode electrode respectively.
In other words, PEDOT:PSS and LiF layers acts as hole and electron collecting layers, since
after exciton dissociation in OSCs, the separate individual charges need to be collected
effectively at respective electrodes. The active layer is a blend of conventional P3HT donor
and the newly developed NAI-FN-NAI (BO) / NAI-FCN-NAI (BO) / NAI-FN-NAI (HD)
electron acceptors. Upon complete fabrication OSC devices, the devices were characterized

using standard electrical current density (J) — voltage (V) characteristics. The current density—
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voltage characteristics of the devices under simulated solar illumination (AM 1.5G, 1000 W
m2) are shown in Fig. 8b and the photovoltaic performance of these devices is summarized in
Table 2. The P3HT:NAI-FCN-NAI (BO) (1:1) based OSC devices exhibits lowest
performance among all devices with an open-circuit voltage (Voc) value of 0.56 V, a fill factor
(FF) of 36%, a short-circuit current density (Jsc) value of 3.0 mA.cm and a power conversion
efficiency (PCE) value of 0.6%. The lowest performance might be attributed with the deep
LUMO value of NAI-FCN-NAI (BO) compound, which gives lower open circuit voltage.
Other reasons for lower performance could be due to slightly higher crystalline nature of NAI-
FCN-NAI (BO) arising from strong m—m stacking and intramoleculer donor-acceptor
interactions. The molecular structure is more rigid and also alkyl chain substituted on nitrogen
is smalleras per molecular rigidity concern. The P3BHT:NAI-FN-NAI (HD) (1:1) based OSC
devices exhibits four times higher performance devices than the PBHT:NAI-FCN-NAI (BO)
devices with an open-circuit voltage (Voc) value of 0.86 V, a fill factor (FF) of 41%, a short-
circuit current density (Jsc) value of 7.2 mA.cm™ and a power conversion efficiency (PCE)
value of 2.5%. The 1.5 times higher Voc of PSHT:NAI-FN-NAI (HD) (1:1) devices compared
to P3HT:NAI-FCN-NAI (BO) (1:1) devices are a clear indication of the effect of LUMO
energy level variations. The Voc of OSC device is controlled by the difference between HOMO
of donor and LUMO of acceptor. The short circuit current of P3HT:NAI-FN-NAI (HD)
devices are almost doubled than PSHT:NAI-FCN-NAI (BO) (1:1) devices which are attribited
to the better donor-acceptor blend compability and appropriate energy levels. Among all OSC
devices, the PSHT:NAI-FN-NAI (BO) device showed the highest performance using newly
developed acceptor with an open-circuit voltage (Voc) value of 0.88 V, a fill factor (FF) of
45%, a short-circuit current density (Jsc) value of 9.1 mA.cm? and a power conversion
efficiency (PCE) value of 3.6%. Since the LUMO of NAI-FN-NAI (BO) and NAI-FN-NAI

(HD) acceptors are comaprable so there is a similar Voc values (0.88 vs 0.86). The NAI-FN-
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NAI (BO) acceptor showed a better device performance among all is due to the higher Jsc (9.1

mA.cm?) and FF (45). This effect is related to the enhanced nano-scale morphology of the

active layer confirmed by the atomic force microscope (AFM). The height and phase AFM

images of P3BHT:NAI-FN-NAI (BO) blended film are shown in Fig. 9 (a) and (b) and, they

clearly exhibits better phase separated morphology with nano-scale domains compared to other

blended devices.

Table 2. Solar cell performance of non-fullerene acceptors NAI-FN-NAI (BO), NAI-FN-NAI

(HD) and NAI-FCN-NAI (BO) (Average value of 6 devices for each acceptor means total 18

devices for three acceptors)

Active Layer Blend Ratio Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
P3HT:NAI-FN-NAI (BO) (1:1) 9.1+0.20 0.88 £0.02 45+2 3.6+0.20
P3HT:NAI-FN-NAI (HD) (1:1) 7.2+0.35 0.86 +0.02 41 +£2 2.5+0.30
P3HT:NAI-FCN-NAI (BO) (1:1) 3.0+£0.25 0.56 £0.02 36 +3 0.6+0.2
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Fig. 8: (a) Schematic diagram of conventional device geometry; (b) J-V curves of the BHJ solar
cells and (¢) external quantum efficiency (EQE) curves of NAI-FN-NAI (BO), NAI-FCN-NAI
(BO) and NAI-FN-NAI (HD) non-fullerene acceptor based OSCs devices.

18



Fig. 9: AFM height images of (a) PZBHT:NAI-FN-NAI (BO), (c) P3HT:NAI-FN-NAI (HD)
and (e) P3BHT:NAI-FCN-NAI (BO) and AFM phase images of (b) PZHT:NAI-FN-NAI

(BO), (d) P3HT:NAI-FN-NAI (HD) and (f) P3BHT:NAI-FCN-NAI (BO)
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CONCLUSIONS

New electron deficient small molecules with acceptor—donor—acceptor—donor—acceptor
architecture based on thiophene donor, naphthalimide and fluorenone or fluorenylidene-
malononitrile acceptor moieties with butyloctyl (BO) and hexyldecyl (HD) alkyl groups, NAI-
FN-NAI (BO), NAI-FN-NAI (HD) and NAI-FCN-NAI (BO), were synthesized and
characterized. All three compounds have shown an excellent thermal stability and the
decomposition temperatures with 5% weight loss were observed above 420 °C. NAI-FN-NAI
(BO), NAI-FN-NAI (HD) had the similar absorption band in the range of 300-600nm, whereas
NAI-FCN-NAI (BO) showed two absorption bands of 300-500 nm and 500-750 nm. The
HOMO/LUMO values of compounds NAI-FN-NAI (BO), NAI-FN-NAI (HD) and NAI-
FCN-NAI (BO) were -6.07/-3.69, -6.06/-3.98 and -6.14/-4.21 eV, respectively. In comparison
to other compounds, NAI-FCN-NAI (BO) demonstrated lower-lying HOMO and LUMO
energies due to the stronger electron withdrawing properties of cyano substituted compound
than that of ketonic group substituted materials. The OSCs based on P3HT:NAI-FN-NAI
(BO) (1:1, w/w) with thermal annealing at 140 °C for 10 min exhibited the highest PCE of
3.6% with a high Jsc of 9.1 mA.cm and Voc of 0.88 V which is attributed to the enhanced

nano-scale morphology of the active layer.
EXPERIMENTAL SECTION
Materials and Instruments

All staring materials were purchased commercially as analytical reagents and used
directly without any further purification. Compound 2,7-bis-(4,4,5,5-tetramethyl-
[1,3,2]dioxaborolan-2-yl)-fluoren-9-one (4) was prepared according to the literature.??
Synthesized compounds were characterized by 'H-NMR and '*C-NMR spectrum, which

were obtained with a Varian-400 spectrometer. The elemental analysis of the
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synthesized compounds was carried out on an Elementar Vario macro/micro elemental
analyser. Thermal analysis was performed wusing a Pegasus Q500TGA
thermogravimetric analyzer under nitrogen atmosphere at a heating rate of 10 °C/min.
Differential scanning calorimetry (DSC) was conducted under nitrogen using a
Chimaera instrument Q100 DSC. The sample was heated at 10 °C/min from 30 °C to

300 °C. Absorption spectra were recorded on Carry50 UV-Vis Spectrophotometer.
Device Fabrication

Bulk-heterojunction (BHJ) solar cells were fabricated by spin coating of 30-nm-thick layers of
poly(3.4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; Baytron Al 4083
from HC Starck) on ITO (Indium Tin Oxide) patterned glass substrates which were washed by
acetone, and 2-propanol in an ultrasonication bath and UV/ozone-treated. The PEDOT:PSS
films were baked at 140 °C for 10 min in air. An active layer of the device consisting of a blend
of P3HT and small molecule acceptor (NAI-FN-NAI (BO) / NAI-FN-NAI (HD) / NAI-FCN-
NAI (BO)) with a ratio of 1:1 was then spin coated from chlorobenzene solvent with a thickness
of ~ 95 nm. The films were transferred to a metal evaporation chamber and top electrode consist
of LiF (1 nm) and aluminum (100 nm) were deposited through a shadow mask (device area
was 0.1 cm?) at approximately 1 x10¢ torr. Film thickness was determined by Veeco Dektak
150+Surface Profiler. The current density-voltage measurements of the devices were carried
out using a 1 kW Oriel solar simulator with an AM 1.5G filter as the light source in conjunction
with a Keithley 2400 source measurement unit. Solar measurements were carried out under
1000 W/m? AM 1.5G illumination conditions. For accurate measurement, the light intensity
was calibrated using a reference silicon solar cell (PV measurements Inc.) certified by the
National Renewable Energy Laboratory. Device fabrication and characterizations were

performed in an ambient environment without any encapsulation.

Morphology Characterisation
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The AFM samples were prepared by spin coating the blend solution on PEDOT:PSS layer.
Tapping-mode AFM (NanoScope III, Dimension, Digital Instrument Inc.) was carried out with

commercially available tapping mode tips.
Synthesis

Synthesis of 5-(bromomethyl)undecane (1A)

Triphenylphosphine (26.23 g, 0.1 mol) was dissolved in DCM (200 mL) under argon for 15
minutes. Then the reaction mixture was cooled to 0 °C and followed by the addition of bromine
(7.2 mL, 0.14 mol). After 2-butyloctan-1-ol (18.63 g, 0.1 mol) was added dropwise via an
additional funnel over 30 minutes, the reaction solution was stirred at room temperature for
overnight under argon. The organic solvent was removed under reduced pressure, and the
residue was extracted with excess amount of hexane. The hexane was evaporated and the
resulting crude yellow oil was purified by silica gel column eluting with hexane. The title
compound was isolated as colourless oil (23.75 g, 95.3%). 'H NMR (400 MHz, CDCls, ppm):

§3.45-3.44 (d, J = 4.8 Hz, 2H), 1.61-1.56 (m, 1H), 1.28 (m, 16H), 0.92-0.87 (m, 6H).

Svnthesis of 7-(bromomethyl)pentadecane (1B)

The synthetic procedure is similar to that described for 1A. Yield: 29.0 g, 95%. 'H NMR (400
MHz, CDCls, ppm): 6 3.45-3.44 (d, J = 4.8 Hz, 2H), 1.59 (m, 1H), 1.27 (m, 24H), 0.90-0.86

(m, 6H).

Synthesis of 2-(2-butyl-octyl)isoindole-1,3-dione (2A)

To a mixture of 1-bromo-2-butyloctane (7.48 g, 30.0 mmol) and potassium phthalimide (5.93
g, 32 mmol), 45 mL of DMF was added and stirred at 90 °C for 10 hours. Then the reaction
mixture was cooled to room temperature and extracted with DCM and water. The combined
organic layer was washed with 0.2 N KOH aqueous (100 mL), water (100 mL) and saturated

NH4Cl aqueous (100 mL). The organic layer was dried over anhydrous NaSO4 and
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concentrated by evaporation. The crude product was purified by silica gel chromatography
using a mixture of hexane and chloroform as eluent to obtain product as colourless oil (8.52 g,
90%). '"H NMR (400 MHz, CDCl3, ppm): & 7.85-7.83 (m, 2H), 7.71-7.69 (m, 2H), 3.57-3.55

(d,J=7.2 Hz, 2H), 1.87 (m, 1H), 1.26 (m, 16H), 0.88-0.83 (m, 6H).

Svnthesis of 2-(2-hexyl-decyl)isoindole-1,3-dione (2B)

The synthetic procedure is similar to that described for 2A. Yield: 9.81 g, 90%. 'H NMR (400
MHz, CDCls, ppm): & 7.84-7.82 (m, 2H), 7.70-7.68 (m, 2H), 3.56-3.54 (d, J/ = 7.2 Hz, 2H),

1.86 (m, 1H), 1.22 (m, 24H), 0.86-0.82 (m, 6H).

Svynthesis of 2-butyl-octylamine (3A)

To a solution of 2-(2-butyl-octyl)isoindole-1,3-dione (6.31 g, 20.0 mmol) in MeOH (90 mL),
hydrazine monohydride (3.0 g, 60.0 mmol) was added and refluxed overnight. After cooling to
room temperature, the mixture was evaporated under vacuum. The residue was dissolved in
DCM and washed with 10 wt% KOH aq. (100 mL x2) and saturated NaCl aq. (100 mL x2).
The organic layer was dried with anhydrous Na2SO4 and concentrated by vacuum evaporation
to obtain colourless oil (3.89 g). This compound was used for subsequent reaction without
further purification. '"H NMR (400 MHz, CDCls, ppm): 8 2.56-2.55 (d, J = 2.8 Hz, 2H), 1.22

(m, 19H), 0.87-0.82 (m, 6H).

Svynthesis of 2-hexyl-decylamine (3B)

The synthetic procedure is similar to that described for 3A. Yield: 5.79 g. '"H NMR (400 MHz,

CDCls, ppm): 8 2.57 (d, J = 4.0 Hz, 2H), 1.24 (m, 27H), 0.87-0.84 (m, 6H).

Synthesis of 6-bromo-2-(2-butyloctyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (4A)

To a solution of 4-bromo-1,8-naphthalic anhydride (4.16 g, 15.0 mmol) in DMF (60 mL), 2-

butyl-octylamine (3.34 g, 18.0 mmol) was added dropwise. Then the reaction mixture was

23



heated to 110 °C and stirred under nitrogen overnight. Then the reaction mixture was cooled
to room temperature and concentrated using a rotary evaporator. The product was precipitated
into 1N HCI, filtered off, and washed with 1N HCI. The crude product was purified by silica
gel column chromatography using ethyl acetate and hexane mixture (vol. ratio 1:9) as an eluent.
After recystallization from the eluent mixture of solvents, yellow crystals were obtained (4.0
g, 60%). '"H NMR (400 MHz, CDCl3, ppm): 8 8.66-8.64 (d, J = 7.2 Hz, 1H), 8.57-8.55 (d, J =
8.8 Hz, 1H), 8.41-8.40 (d, J = 8.0 Hz, 1H), 8.05-8.03 (d, J = 8.0 Hz, 1H), 7.86-7.82 (t, /= 7.6

Hz, 1H), 4.10-4.08 (d, J = 7.2 Hz, 2H) 1.97 (m, 1H), 1.22 (m, 16H), 0.87-0.80 (m, 6H).

Svynthesis of 6-bromo-2-(2-hexyldecyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (4B)

The synthetic procedure is similar as described for 4A. Yield: 4.51 g, 60%. 'H NMR (400 MHz,
CDCls, ppm):  8.62-8.60 (d, /= 7.2 Hz, 1H), 8.53-8.51 (d, J = 8.4 Hz, 1H), 8.38-8.36 (d, J =
7.6 Hz, 1H), 8.01-8.79 (d, /= 7.6 Hz, 1H), 7.83-7.79 (t, J = 8.0 Hz, 1H), 4.08-4.06 (d, J = 7.2

Hz, 2H), 1.94 (m, 1H), 1.20 (m, 24H), 0.83-0.79 (m, 6H).

Svynthesis of 2-(2-butyloctyl)-6-(thiophen-2-yl)-1H-benzo[deisoquinoline-1,3(2H)-dione (5A)

6-Bromo-2-(2-butyloctyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (2.67 g, 6.0 mmol), 2-
tributylstannylthiophene (2.80 g, 7.5 mmol), [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium (II) (Pd(dppf)Clz2, 0.22 g, 0.30 mmol)
were dissolved in dry toluene (25.0 mL) and then the reaction mixture was heated under reflux
overnight under N2 atmosphere. After the reaction mixture was cooled to room temperature,
water and EA were added. The aqueous phase was extracted with 100 mL of EA 3 times and
combined organic layer was dried over anhydrous Na2SO4. The solvent was removed under the
vacuum and the residue was purified by column chromatography (SiO2, hexane: EA, 10:1
(v/v)) afforded a yellow solid (1.81 g, 67.2%). '"H NMR (400 MHz, CDCls, ppm): & 8.65-8.59

(m, 3H), 7.83-7.81 (d, J = 7.6 Hz, 1H), 7.78-7.74 (t, J = 8.4 Hz, 1H), 7.55-7.54 (d, J = 4.8 Hz,
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1H), 7.35-7.34 (d, J = 3.6 Hz, 1H), 7.23 (m, 1H), 4.13-4.11 (d, J = 7.2 Hz, 2H) 1.99 (m, 1H),
1.23 (m, 16H), 0.88-0.81 (m, 6H). 3C NMR (100 MHz, CDCLs, ppm): & 164.57, 164.32,
139.77, 139.00, 132.23, 131.41, 130.70, 129.96, 128.83, 128.64, 127.90, 127.57, 127.18,
122.93, 121.95, 44.52, 36.57, 31.84, 31.67, 31.35, 29.73, 28.70, 26.48, 23.09, 22.64, 14.13,

14.10.

Synthesis of 2-(2-hexyldecyl)-6-(thiophen-2-vl)-1H-benzo[de]isoguinoline-1,3(2H)-dione (5B)

The synthetic procedure is similar to that described for SA. Yield: 1.97 g, 65%. 'H NMR (400
MHz, CDCl3, ppm): & 8.64-8.58 (m, 3H), 7.82-7.80 (d, J = 7.6 Hz, 1H), 7.77-7.73 (t, ] = 8.4
Hz, 1H), 7.55-7.54 (d, J= 6.0 Hz, 1H), 7.34-7.33 (d, J=4.4 Hz, 1H), 7.23 (m, 1H), 4.13-4.11
(d, J = 7.2 Hz, 2H) 1.99 (m, 1H), 1.22 (m, 24H), 0.85-0.82 (m, 6H). '*C NMR (100 MHz,
CDCls, ppm): & 164.55, 164.30, 139.76, 138.98, 132.22, 131.40, 130.69, 129.93, 128.83,
128.79, 128.63, 127.90, 127.57, 127.17, 122.92, 121.93, 44.54, 36.58, 31.88, 31.85, 31.70,

31.66, 30.03, 29.74, 29.56, 29.29, 27.83, 26.89, 26.50, 26.48, 22.66, 14.14.

Svynthesis of 6-(5-bromothiophen-2-yl)-2-(2-butyloctyl)-1H-benzo/de Jisoquinoline-1,3(2H )-

dione (6A)

2-(2-Butyloctyl)-6-(thiophen-2-yl)-1 H-benzo[de]isoquinoline-1,3(2H)-dione (1.34 g, 3 mmol)
was dissolved in DMF under nitrogen atmosphere, and the N-bromosuccinimide (NBS; 0.80 g,
4.5 mmol) was added in one portion. The reaction mixture was stirred overnight at room
temperature and then the mixture was quenched with 50 mL of water and extracted with EA.
The combined organic extract was with aqueous NaHSO3 (10 wt.%) and concentrated under
reduced pressure to afford a crude product that was purified to column chromatography using
hexane:EA (9:1, v/v) to get product as a yellow solid (1.26 g, 80%). 'H NMR (400 MHz,
CDCls, ppm): 6 8.65-8.63 (d, J=7.2 Hz, 1H), 8.59-8.56 (m, 2H), 7.79-7.75 (t, J= 7.2 Hz, 2H),

7.20-7.19 (d, J = 4.0 Hz, 1H), 7.09-7.08 (d, J = 4.0 Hz, 1H), 4.12-4.11 (d, J = 7.2 Hz, 2H) 1.99
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(m, 1H), 1.22 (m, 16H), 0.87-0.81 (m, 6H). '*C NMR (100 MHz, CDCls, ppm): & 164.43,
164.16, 141.23, 137.76, 131.76, 131.52, 130.73, 130.63, 129.78, 129.08, 128.78, 128.57,
127.41, 123.01, 122.37, 114.4, 44.54, 36.56, 31.84, 31.66, 31.33, 29.73, 28.68, 26.47, 23.08,

22.64, 14.12, 14.10.

Svynthesis of 6-(5-bromothiophen-2-yl)-2-(2-hexyldecyl)-1H-benzo[deisoquinoline-1,3(2H)-

dione (6B)

The synthetic procedure is similar to that described for 6A. Yield: 1.40 g, 80%. 'H NMR (400
MHz, CDCl3, ppm): & 8.64-8.62 (d, J = 7.2 Hz, 1H), 8.58-8.55 (m, 2H), 7.78-7.74 (t, J = 7.2
Hz, 2H), 7.20-7.19 (d, J=4.0 Hz, 1H), 7.09-7.08 (d, J = 3.6 Hz, 2H), 4.12-4.10 (d, J= 7.2 Hz,
2H) 1.98 (m, 1H), 1.22 (m, 24H), 0.87-0.81 (m, 6H). 3*C NMR (100 MHz, CDCls, ppm):
8 164.39, 164.12, 141.24, 137.73, 131.71, 131.49, 130.72, 130.60, 129.76, 129.06, 128.77,
128.54,127.39, 123.06, 122.38, 114.39, 44.57,36.57, 31.86, 31.83, 31.70, 31.66, 30.01, 29.71,

29.54,29.27,26.48, 22.64, 22.63, 14.11, 14.08.

Svnthesis of NAI-FN-NAI (BO)

In a round bottom flask 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-fluoren-9-one
(100 mg, 0.232 mmol), 6-(5-bromothiophen-2-yl)-2-(2-butyloctyl)-1 H-
benzo[de]isoquinoline-1,3(2H)-dione (305.4 mg, 0.58 mmol), and 2 M aqueous K2CO3
solution (6 mL) were dissolved in degassed toluene (18 mL). The solution was purged with
argon for 30 minutes, then tetrakis(triphenylphosphine)palladium (16.18 mg 0.014 mmol) was
added. The reaction was stirred at 110 °C for 2 days. Then the reaction mixture was cooled to
room temperature and extracted with chloroform and water. The organic layer was dried over
anhydrous Na>SOs and concentrated by evaporation. The crude product was purified through
column chromatography (SiOz, hexane: chloroform = 1:2). Reddish powder was then washed

by hot acetone to afford title compound (169 mg, 68%). 'H NMR (400 MHz, CDCl3, ppm): &
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8.68-8.66 (d, J = 8.8 Hz, 2H), 8.63-8.62 (d, J = 6.4 Hz, 2H), 8.58-8.56 (d, J = 7.6 Hz, 2H),
7.91(s, 2H), 7.83-7.81 (d, J = 7.6 Hz, 2H), 7.78-7.75 (m, 4H), 7.53-7.49 (m, 4H), 7.34-7.33 (d,
J=3.6 Hz, 2H), 4.11-4.09 (d, J = 7.2 Hz, 4H), 1.98 (m, 2H), 1.22 (m, 34H), 0.87-0.80 (m,
12H). 3C NMR (100 MHz, CDCls, ppm): & 192.84,164.40, 164.14, 145.09, 143.06, 139.81,
138.26, 135.09, 134.76, 131.91, 131.68, 131.45, 130.67, 130.05, 129.57, 128.85, 128.35,
127.30, 124.53, 123.00, 122.05, 121.40, 121.06, 44.52, 36.57, 31.845, 31.67, 31.34, 29.74,
28.69, 26.48, 23.09, 22.65, 14.13, 14.10, 12.90. Anal. Calcd. for CosH7oN205S2: C, 77.35; H,

6.59; N, 2.61. Found: C, 77.04; H, 6.61; N, 2.62.

Synthesis of NAI-FN-NAI (HD)

The synthetic procedure is similar to that described for NAI-FN-NAI (BO). Yield: 187 mg,
65%. '"H NMR (400 MHz, CDCl3, ppm): & 8.72-8.69 (d, J = 8.4 Hz, 2H), 8.67-8.65 (d, J= 7.2
Hz, 2H), 8.63-8.61 (d, J = 7.6 Hz, 2H), 7.99 (s, 2H), 7.87-7.85 (d, J = 7.6 Hz, 2H), 7.82-7.78
(m, 4H), 7.60-7.58 (d, J = 7.2 Hz, 2H), 7.53-7.52 (d, J = 3.6 Hz, 2H), 7.37-7.36 (d, / = 3.6 Hz,
2H), 4.13-4.12 (d, J= 7.2 Hz, 4H), 2.00 (m, 2H), 1.23 (m, 48H), 0.86-0.82 (m, 12H). *C NMR
(100 MHz, CDCl3, ppm): 6 192.98, 164.47, 164.21, 145.15, 143.18, 139.83, 138.35, 135.86,
135.20, 134.85, 131.98, 131.80, 131.50, 130.72, 129.69, 128.89, 128.42, 127.33, 124.57,
123.04, 122.13, 121.54, 121.13, 44.58, 36.62, 36.59, 31.88, 31.85, 31.71, 31.67, 30.04, 29.74,
29.56, 29.29, 26.48, 22.66, 22.65, 14.13, 14.11. Anal. Calcd. for C77HssN20sS2: C, 78.13; H,

7.32; N, 2.37. Found: C, 77.82; H, 7.35; N, 2.39.

Synthesis of NAI-FCN-NAI (BO)

NAI-FN-NAI (BO) (250 mg, 0.233 mol) and malononitrile (31 mg, 0.468 mmol) were
dissolved in dried CH2Cl2 (20 mL) under argon, then TiCls (0.14 mL, 1.24 mmol) and pyridine
were added dropwise at 0 °C. The resulting mixture was stirred overnight at room temperature,

and poured into HCI aqueous solution (1M, 40 mL). The mixture was extracted with CH2Cl
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and dried over anhydrous Na:SOas. After evaporating the solvent, the crude product was
purified through column chromatography (SiO2, hexane: chloroform = 1:2). And then then
recrystallized in acetone to give a green solid (198 mg, 76%). 'H NMR (400 MHz, CDCls,
ppm): 6 8.72 (s, 2H), 8.67-8.63 (m, 4H), 8.60-8.58 (d, /= 7.6 Hz, 2H), 7.85-7.83(d, /= 7.6 Hz,
2H), 7.81-7.76 (m, 4H), 7.63-7.61 (d, J= 8.0 Hz, 2H), 7.54-7.53 (d, /= 4.0 Hz, 2H), 7.35-7.34
(d, J=3.6 Hz, 2H), 4.13-4.11 (d, J = 7.2 Hz, 4H), 2.00 (m, 2H), 1.24 (m, 32H), 0.88-0.81 (m,
12H). 3C NMR (100 MHz, CDCls, ppm): 8 164.18, 163.93, 160.16, 160.12, 144.27, 140.68,
140.30, 137.81, 134.89, 134.81, 131.59, 131.49, 131.32, 130.47, 130.11, 129.26, 128.69,
128.26, 127.30, 124.88, 123.53, 122.92, 122.00, 121.32, 113.03, 44.50, 36.56, 31.84, 31.67,
31.33, 29.75, 28.67, 26.47, 23.09, 22.65, 14.13, 14.10. Anal. Calcd. for C72H70N404S2: C,

77.25; H, 6.30; N, 5.00. Found: C, 77.56; H, 6.27; N, 4.98.
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A series of electron deficient small molecules were designed and synthesized with the
configuration of acceptor—donor—acceptor—donor—acceptor (A1-D—A2-D—A1), where A1l and

A2 where A1 and A2 have different electron affinities.
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