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Abstract: In order to develop new and effective donor materials, a planar donor-m-acceptor (D-m-A)
type small organic molecule (SOM), 2-(4-fluorobenzoyl)-3-(5”-hexyl-[2,2":5',2”-terthiophen]-5-y1)
acrylonitrile, named as H3T-4-FOP, was synthesized by the reaction of 4-fluorobenzoylacetonitrile (as
acceptor unit) and hexyl terthiophene (as donor unit) derivatives. Promising optical, solubility, elec-
tronic and photovoltaic properties were observed for the H3T-4-FOP SOM. Significantly, the presence
of 4-fluorobenzoylacetonitrile as an acceptor unit in H3T-4-FOP SOM tuned the optical band gap to
~2.01 eV and procured the reasonable energy levels as highest occupied molecular orbital (HOMO) of
—5.27 eV and lowest unoccupied molecular orbital (LUMO) —3.26 eV. The synthesized H3T-4-FOP
SOM was applied as a donor material to fabricate solution-processed bulk heterojunction organic
solar cells (BHJ-OSCs) with an active layer of H3T-4-FOP: PCy1BM (1:2, w/w) and was validated as
having a good power conversion efficiency (PCE) of ~4.38%. Our studies clearly inspire for future
designing of multifunctional groups containing the 4-fluorobenzoylacetonitrile based SOM for high
performance BHJ-OSCs.

Keywords: 4-fluorobenzoylacrylonitrile; donor; energy conversion; energy level; organic solar cells

1. Introduction

The solar energy resource is considered as one of the most useful renewable energy re-
sources to replace fossil fuels and to reimburse a high global energy demand [1-7]. For more
than two decades, extensive research efforts have been focused on bulk-heterojunction
organic solar cells (BHJ-OSCs), owing to their distinct features such as ease of processability,
small production cost, light weight, mechanical flexibility, and solution-processable manu-
facturing capability [8-12]. Progressive research has shown the remarkably high power
conversion efficiency (PCE) of >18% for BHJ-OSCs [13-16]. BHJ-OSCs fabricated with
small organic molecules (SOMs) are more attractive due to their well-defined molecular
weight, less batch-to-batch variation, higher purity, easy purification, and reproducible
synthesis over its polymer counterparts [17,18]. Organic semiconductors with high exciton
binding energy, short life times in the range of ~10-100 ps, and exciton diffusion length of
5-10 nm range are typically used as the photoactive layer, forming a bulk heterojunction
of donor and acceptor materials by ensuring the efficient exciton to dissociate at the D/A
interface due to the difference between their frontier molecular orbitals [19,20]. The electron
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mobility in OSCs largely depends on the film morphology and molecular architectures.
Fullerene derivatives such as [6,6]-phenyl-C4; butyric acid methyl ester (PCBM) are n-type
semiconductors with rationally high electron concentrations of 10'7-10'8 cm~3 and are
frequently applied to fabricate BHJ-OSCs by virtue of their excellent electron accepting and
transporting capabilities [21,22]. Moreover, PCBMs have long-life time polarons, originat-
ing from the coherent electron transfer between fullerene molecules and hence, reduce the
energy barriers for electron transfer [23].

In organic photovoltaics (OPVs), the most general method for enhancing the photocur-
rent density (Jsc) and the power conversion efficiency of an organic solar cell is to design
and synthesize low band gap materials which match well with the solar spectrum without
sacrificing open circuit voltage (Voc). It is suggested that halogenation of an electron
accepting unit can enhance the intramolecular charge transfer (ICT) effects and, hence,
can exhibit an appreciable reduction in the band gap which is one of the most effective
molecular designing strategies for investigating new and effective small organic and poly-
mer semiconductor materials [24-27]. In particular, the fluorine atom, due to its small
size, high electronegativity with comparatively small Van der Walls radius is proficient at
altering the HOMO and LUMO energy levels, extending the absorption, and increasing
the electron mobility without undesirable steric hindrances [28]. Moreover, fluorine sub-
stitution also induces a rigid and planar backbone in the molecules due to intramolecular
hydrogen bonds [29]. To achieve high performance BHJ-OSCs, the active organic layer
must have materials with a broad absorption spectrum, high molar absorption coefficient,
an appropriate alignment of energy levels between D/ A layers, large charge mobility and
thin film network with nanoscale phase separation [30]. The suitable phase separation
difference between D/A interface surfaces through an internal driving force can effectively
decrease Voc losses by suppressing recombination [31,32]. Thiophene-based molecular
semiconductors are commonly used materials for organic photovoltaics owing to their
remarkable thermal, optical and electronic properties. The thiophene ring provides a
prominent contribution to its derivatives towards enhanced charge transport and electron
donating properties [33]. Recently, Ameen et al. reported a D-A shaped chromophore based
on hexyl bithiophene donor and isatin unit as an electron acceptor in the BHJ-OSC device
and obtained a PCE of ~4.10% [34]. In another report, Abdullah et al. synthesized a new
hexyl bithiophene containing an efficient asymmetric D-A-A-type small donor molecule,
fabricated with a PC¢BM acceptor for BHJ-OSCs and achieved promising results with Voc
values of ~0.71 'V, a Jsc of ~12.56 mA /cm?, a fill factor (FF) of ~0.42 with a resulting PCE of
~3.75% [35].

In this report, we have designed a new asymmetric planar D-n-A type small or-
ganic molecule, 2-(4-fluorobenzoyl)-3-(5"-hexyl-[2,2':5',2”-terthiophen]-5-yl) acrylonitrile,
named as H3T-4-FOP. Herein, the presence of fluorine atom in H3T-4-FOP plays a signifi-
cant role in molecular energy level alignment and enhancement of the ICT effect due to its
high electronegativity and intramolecular hydrogen bonding. The attachment of parallel
alkyl side-chain on the thiophene molecular backbone ensures good solution-processibility,
molecular packing and improved charge transport properties. In our work, the H3T-4-FOP:
PC¢1BM (1:2, w/w) active layer achieved a reasonable PCE of ~4.38%, Voc of ~0.782 'V, Jsc of
~11.18 mA /cm? and fill factor (FF) of 50% under an illumination of AM 1.5 G, 100 mW / cm?.

2. Materials and Methods
2.1. Materials and Equipment

All chemicals and reagents including 4-fluorobenzylalcohol, 5-bromo-2-thiophenecarbo
xaldehyde, copper chloride, 5'-hexyl-2,2’-bithiophene-5-boronic acid pinacol ester, tetrakis
(triphenylphosphine) palladium (0) were purchased from Sigma-Aldrich and used without
any further purifications.
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2.2. Synthesis of H3T-FOP

2-(4-fluorobenzoyl)-3-(5"-hexyl-[2,2:5' 2”-terthiophen]-5-yl) acrylonitrile, H3T-4-FOP
SOM, was synthesized in three steps, as illustrated in Scheme 1. The intermediates,
4-fluorobenzoylacetonitrile (1) and 3-5(-bromothiophen-2-yl)-2-(4-fluorobenzoyl) acryloni-
trile (2) were prepared as per the reported literature [36,37]. All the intermediates and
H3T-4-FOP SOM were analyzed by '"H NMR, '3C NMR and mass spectrometry. The origi-
nal data are presented in the supporting information (SI).
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Scheme 1. The synthetic route for 2-(4-fluorobenzoyl)-3-(5"-hexyl-[2,2':5,2”-terthiophen]-5-yl) acrylonitrile (H3T-4-FOP)

small organic molecule (SOM).

2.3. Synthesis of 4-Fluorobenzoylacetonitrile (1)

Oxidative cross-coupling reaction was used for the preparation of intermediates (1).
4-fluorobenzylalcohol (4.38 g, 34.73 mmol), acetonitrile (18.12 mL, 347.3 mmol, 10 equiv.),
potassium hydroxide (KOH, 3.896 g, 69.46 mmol, 2 equiv.) and copper chloride (CuCl,,
2 mol%) were dissolved in dimethylacetamide (DMA, 50 mL) and mixed under stirring
at room temperature for 12 h with molecular oxygen as an oxidant [34]. The mixture was
filtered and washed with water followed by methanol. A column chromatography was
used to purify the desired product (1), using dichloromethane and hexane (DCM: hexane,
1:3 v/v) as eluents. The product was dried in a vacuum oven and the resulted solid was
further purified by performing the recrystallization in (DCM: diethyl ether, 1:5 v/v) to
obtain the expected product as a white solid (yield 55.19%, 3.13 g). 'H NMR (500 MHz,
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CDCls, ppm) &: 7.95 (dd, ] = 9.0 Hz, 5.2 Hz, 2H), 7.82 (t, ] = 8.2 Hz, 2H), 4.07 (s, 2H). 13C
NMR (100 MHz, CDCl3, ppm) &: 185.76, 167.73, 165.68, 131.44, 131.36, 116.66, 116.48, 113.75,
29.47 MS: m/z calc. for [CoHgFNO + HJ*: 164.15; found: 164.15.

2.4. Synthesis of 3-5(-Bromothiophen-2-yl)-2-(4-Fluorobenzoyl) Acrylonitrile (2)

3-5(-bromothiophen-2-yl)-2-(4-fluorobenzoyl) acrylonitrile was synthesized by consult-
ing the reported literature [35]. In a round bottom flask, 5-bromo-2-thiophenecarboxaldehy
de (1.582 g, 8.28 mmol) and 4-fluorobenzoylacetonitrile (1.35 g, 8.28 mmol, 1 equiv.) were
stirred in 50 mL degassed ethanol at room temperature under argon atmosphere for 1 h.
Thereafter, potassium tertiary butoxide, t-BuOK (0.41 g, 3.72 mmol, 0.45 equiv.) in 10 mL
of ethanol was dropped in the reaction mixture and further subjected to stirring for 5 h at
298 K. Obtained yellow precipitates were filtered out, washed with deionized (DI) water
and methanol. The purification of the crude product was carried out with the help of flash
column chromatography using dichloromethane and hexane as eluents (DCM: hexane, 1:2
v/v). The resulted dried solid was recrystallized with dichloromethane and ethyl acetate
(DCM: EtOAC, 1:10 v/v) to obtain intermediate (2) as a light yellow crystal (yield 76.57%,
2.13 g) 'H NMR (500 MHz, CDCl3, ppm) &: 8.18 (s, 1H), 7.95 (dd, ] = 8.7 Hz, 5.2 Hz, 2H),
7.56 (d, ] = 4.0 Hz, 1H), 7.2 (d, ] = 4.0 Hz, 1H), 7.18 (t, ] = 8.6 Hz, 2H). 3C NMR (100
MHz, CDCl3, ppm) &: 186.39, 166.93, 164.89, 147.03, 138.76, 138.11, 131.98, 131.90, 131.77,
125.21, 117.57, 116.13, 115.95, 105.56. MS: m/z calc. for [C14H7BrFENOS + HJ*: 337.18;
found: 337.98.

2.5. Synthesis of 2-(4-Fluorobenzoyl)-3-(5"-hexyl-[2,2':5' 2"-Terthiophen]-5-yl) Acrylonitrile,
(H3T-4-FOP)

5’-hexyl-2,2'-bithiophene-5-boronic acid pinacol ester (0.942 g, 2.50 mmol), 3-5(-bromo
thiophen-2-yl)-2-(4-fluorobenzoyl) acrylonitrile (0.504 g, 3.75 mmol, 1.5 equiv.) and 5 mol%
Pd(PPhs)s were stirred in toluene (anhydrous, 30 mL). After 30 min, 2 M potassium
carbonate (K,CO3) in 5 mL of water was introduced in the reaction and refluxed at 110 °C
for 24 h. Afterwards, the reaction mixture was allowed to cool at room temperature, washed
with DI water and brine. The resulting organic phase was extracted with DCM, dried
over MgS0, and evaporated under vacuum conditions. The crude product was further
purified by flash column chromatography with dichloromethane and hexane as eluents
(DCM: hexane, 1:5 v/v) and dried in an oven. Thereafter, recrystallized twice with (DCM:
EtOAc, 1:10 v/v) to obtain a bright red crystal (yield 63.21% 0.758 g). 'H NMR (500 MHz,
CDCl3, ppm) 6: 8.25 (s, 1H), 7.95 (dd, ] =5.2 Hz, 3.9 Hz, 2H), 7.70 (d, ] = 4.3 Hz, 1H), 7.31
(d,]=23Hz 1H), 723 (d, ] = 4.1 Hz, 1H), 7.18 (t, ] = 8.6 Hz, 2H), 7.05 (dd, ] = 6.0 Hz,
3.8 Hz, 2H), 6.70 (d, ] = 3.6 Hz, 1H), 6.79 (t, ] = 7.6 Hz, 2H), 1.63 (m, 4H), 1.33 (m, 4H),
0.88 (t, ] = 6.8 Hz, 3H). 13C NMR (100 MHz CDCl3, ppm) &: 186.68, 166.73, 164.71, 148.48,
147.50, 147.20, 140.84, 140.47, 134.62, 133.75, 133.45, 131.86, 131.69, 127.75, 125.27, 124.61,
124.33,124.17,118.17,115.99, 115.81, 103.51, 31.64, 31.62, 30.32, 28.82, 22.64, 14.15. MS: m/z
calc. for [CogHpsFNOS; + H]*: 505.69; found: 506.45. Elemental analysis for CogHpsFNOS3,
calculated: C, 66.50; H, 4.78; F, 3.76; N, 2.77; O, 3.16; S, 19.02. Found: C, 66.67; H, 4.73; F,
3.72; N, 2.79; O, 3.15; S, 18.89.

2.6. Assembly of BHJ-OSC Device

In order to fabricate BJH-OSCs, indium tin oxide (ITO, Samsung electronics, 12-16 (/sq)
glass substrates were washed consecutively using DI water, detergent, acetone and isopropyl
alcohol using an ultrasonic bath for 15 min, followed by drying in an oven. A buffer layer of
compact c-TiO; layer [38] was first spin coated on cleaned ITO substrates at a scan rate of
3000 rpm for 30 s and subsequently heated at 100 °C in a vacuum oven for 20 min, followed
by annealing at 450 °C in a closed furnace for 30 min. Thereafter, the blend solutions
were formulated in chlorobenzene by mixing H3T-4-FOP and PCgBM in different weight
ratios (H3T-4-FOP: PC41BM; 1:1, 1:2, 1:3 w/w) under stirring at 60 °C for 4 h to obtain well
mixed blend solution. H3T-4-FOP: PC¢ BM blend thin film was casted on ¢-TiO, layer
at a scan rate of ~2100 rpm for 35 s and immediately subjected to annealing at 70 °C for
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10 min. Finally, a thin layer of gold (Au, ~100 nm thickness) as top electrode was thermally
evaporated over the ITO/c-TiO, /H3T-4-FOP:PC4; BM to complete the device configuration
of ITO/c-TiO, /H3T-4-FOP:PCy1 BM/ Au. In order to check the reproducibility, 20 devices
of each BJH-OSCs were tested for extracting the performance of the devices.

2.7. Characterizations

Fourier transform-infrared (FTIR) spectroscopy analysis was investigated using a
FTIR-4100 (JASCO, Tokyo, Japan) spectrometer with a solid pellet of KBr as a reference.
JEOL FT-NMR (*H at 500 MHz and !3C at 125 MHz) spectrophotometer was used to
investigate the NMR data of the synthesized H3T-4-FOP SOM in deuterated chloroform
(CDClI3) as a reference solvent. The chemical shift (5) values were measured in ppm
referred to internal standard of tetramethyl silane (TMS). The mass spectra (MS) were
determined by XEVO TQ-S spectrometry. The UV-Vis absorption and photoluminescence
(PL) spectra were characterized by V-670 (JASCO, Japan) spectrophotometer and FP-
6500 (JASCO, Japan) spectrofluorometer, respectively. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were measured at a scan rate of 10 °C/min
under nitrogen gas atmosphere using with a thermal analyzer (TA) instrument Q-50.
The cyclic voltammogram (CV) was elucidated with an electrochemical system (WPG 100
Potentiostat/Galvanostat, WonATech) comprising of H3T-4-FOP modified glassy carbon
as working electrode, a reference saturated calomel electrode (SCE) and a platinum wire
as a counter electrode in 0.1 M tetrabutylammonium hexaflourophosphate (TBAPFg) in
acetonitrile as the supporting electrolyte. The surface morphology of the fabricated thin
film was characterized by atomic force microscopy (AFM) in tapping mode using AFM
Nanoscope IV Digital Instrument, Santa Barbara, USA. For the evaluation of photovoltaic
parameters, the typical J-V curves of the fabricated BHJ-OSCs were measured under one
sun, i.e.,, AM 1.5G (100 mW /cm?) which was maintained by using 1000 W metal halide
lamp (Phillips, Amsterdam, The Netherlands) and one sun intensity was calibrated with a
Si photo detector obtained from NREL (Golden, CO, USA).

3. Results and Discussion
3.1. Thermal Properties of H3T-4-FOP

TGA and DSC, with respect to change in temperature (10 °C/min) under an inert
atmosphere, were carried out to investigate the thermal stability and the flow of energy
in the molecule, respectively. H3T-4-FOP SOM shows good thermal stability and the
decomposition temperature (Td) with 5% weight loss above ~335 °C, as shown in Figure 1a.
Such thermally stable chromophores are suitable for device fabrication without degrading
the active layer in BHJ-OSCs. From the DSC thermogram of Figure 1b, two melting peaks
are observed at ~118 °C and ~160 °C with no clear crystalline peak. We assume that the
4-fluorobenzoylacetonitrile moiety might be responsible for the amorphous behavior of
H3T-4-FOP SOM.

(b)

60
\T,=335°C

gso-
3
k)
:40' T, 160
= ,
g T‘vm118
304

100 200 300 400 500 600 50 100 150 200 250 300

Temperature (°C) Temperature (°C)

Figure 1. (a) Thermogravimetric analysis (TGA) and (b) differential scanning calorimetry (DSC) plots of H3T-4-FOP.
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3.2. Optical Properties of H3T-4-FOP

The optical properties of H3T-4-FOP SOM were investigated by UV-Vis and PL spec-
troscopy in a chloroform solvent, thin films and blend thin films. The representative spectra
of H3T-4-FOP SOM are shown in Figure 2a,b and the obtained data are summarized in
Table 1. H3T-4-FOP SOM exhibits good solubility in chloroform, tetrahydrofuran (THF)
and chlorobenzene solvents. In the chloroform solvent, H3T-4-FOP SOM displays a broad
absorption band in the range of ~320 nm to ~620 nm with an absorption maximum (Amax)
at ~495 nm, corresponding to 7-* (HOMO to LUMO) transitions of the conjugated -
system, as shown in Figure 2a. However, the H3T-4-FOP thin film poses a red shift (~10 nm)
with Apax at ~505 nm which is mainly caused by n-7t stacking and an extended terminal
hexyl side chain which affects the intermolecular interaction and aggregation in solid state.
Such type of absorption properties of small molecules with a methyl, ethyl, hexyl and
dodecyl chain is discussed by Min et al. when moving from solution to a thin film [39].
The optical band gap of ~2.01 eV for H3T-4-FOP SOM is calculated from absorption onset
equation EgolOt = 1240/ Aonset where Aonset is in nm and Eg in eV [40]. The photolumines-
cence spectroscopy of H3T-4-FOP SOM is performed in a chloroform solution and thin film
coated ITO substrates. A strong and sharp emission band is observed at ~625 nm in the so-
lution which is remarkably red-shifted to ~670 nm in the thin film state, as seen from Figure
2b. Furthermore, the red shifted PL spectrum is observed moving from solution to thin film
state which might be due to an orientation of the molecule in head-to-tail fashion. Thus,
negative coulombic coupling is originated, resulting in J-type aggregation (Bathochromic
shift) [41]. The absorption and emission of blend thin films (H3T-4-FOP: PC¢ BM, w/w)
are further characterized to investigate the effect of photon absorption, as represented
in Figure 3a,b. The blend thin film covers the absorption range of ~350 nm to ~650 nm,
representing a good photon harvesting material for BHJ-OSCs. From Figure 3a, the intense
absorption signal is observed for H3T-4-FOP: PCs1BM (1:2, w/w), which might be due to
uniform, well-mixed and smooth surface morphology of the thin film. It is well known
that the concentration of donor and acceptor materials in blend thin film plays a critical
role in improving the light absorption and charge extraction for high performance solar
devices. In our case, the H3T-4-FOP:PCg; BM (1:2, w/w) ratio presents a high absorption
intensity due to the complete dissolution of donor-acceptor materials in the chlorobenzene
solvent which might induce the film uniformity and transparency with interconnected
domains. To further understand the charge transfer behavior in donor-acceptor blends,
Figure 3b exhibits the PL emission spectra of thin films of different blend ratios. Herein,
the presence of the 4-fluorobenzoylacetonitrile acceptor moiety might be responsible for the
fast emission due to the strong electron accepting nature and hydrogen bond interaction.
The quenching effect is observed in all blend thin films but nearly complete quenching
(quenching of ~97%) occurred in H3T-4-FOP: PC41BM (1:2, w/w). However, slightly lower
quenching of ~93% was seen for H3T-4-FOP: PCg1BM (1:3, w/w) which clearly reflects the
modest emission properties of H3T-4-FOP: PC¢ BM (1:2, w/w). Herein, high PL quenching
in H3T-4-FOP: PC¢BM (1:2, w/w) ensures a smooth and uniform surface with ordered
phase separation of donor and acceptor which might reduce the charge recombination
within the exciton diffusion length and, therefore, induces the exciton—dissociation at the
donor acceptor interfaces [42,43].
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Figure 2. (a) UV-Vis absorption and (b) photoluminescence spectra of H3T-4-FOP SOM in chloroform solvent and in thin
film.
Table 1. Optical and electrochemical values of H3T-4-FOP SOM.
HOMO ® LUMO f
Chromophore Apax ? (nm) Amax ? (nm) Amax ¢ (nm) Amax ¢ (nm) @V) V) Eg°P'8 (eV)
H3T-4-FOP 495 505 625 670 —5.27 —3.26 2.01

2 Absorption in chloroform solution. ® Absorption of thin film on ITO. ¢ Photoluminescence in chloroform solution. ¢ Photoluminescence
in thin film on ITO. ¢ Calculated from the oxidation onset value of cyclic voltammogram. f Obtained from equation; LUMO = HOMO +
E¢°Pt, 8 Optical band gap derived by the equation EgP' = 1240/ Acgge-
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Figure 3. (a) UV-Vis absorption and (b) photoluminescence spectra of blend films of H3T-4-FOP: PCs;BM in 1:1 (w/w),
1:2 (w/w), and 1:3 (w/w) ratios.

3.3. Electrochemical Properties of H3T-4-FOP

Figure 4a shows the electrochemical properties of H3T-4-FOP SOM, as investigated
by the cyclic voltammetry (CV) method, using an oxidation onset potential value of
+0.25 V. Freshly prepared 0.1 M tetrabutylammonium hexaflouro-phosphate (TBAPF¢) was
incorporated in acetonitrile and CV measurements were performed with a scan rate of
100 mV/s, using Fc/Fc* as an external reference. From the CV measurements, HOMO and
LUMO energies were estimated as —5.27 eV and —3.26 eV, respectively, from oxidation
onset and optical band gap value by using the formula for LUMO energy; LUMO = HOMO
+ E¢°Pt [44]. Our newly designed H3T-4-FOP SOM exhibits a suitable frontier orbital energy
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level which is possibly due to the presence of three electron-accepting functional groups,
i.e., keto (CO), cyano (CN), and fluoro (F) in the 4-fluorobenzoylacrylonitrile acceptor unit
(Figure 4b). The HOMO and LUMO energy levels of H3T-4-FOP donor are, respectively,
higher than the classical PC4; BM acceptor material to produce enough driving force for an
exciton dissociation.
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Figure 4. (a) Cyclic voltammogram (CV) and (b) 3D structure of H3T-4-FOP SOM.

The energy levels of the fabricated BHJ-OSCs with H3T-4-FOP: PCg;BM active layer
are shown in Figure 5a. The electrochemical and optical properties of the newly synthe-
sized H3T-4-FOP match well with the PC¢;BM acceptor energy level. The designed SOM is
applied for fabricating BHJ-OSCs as the donor material with the PCg BM acceptor. The pho-
tovoltaic performance of an active layer with different blend ratios (H3T-4-FOP:PCg4;BM,
1:1, 1:2, 1:3, w/w) were tested by measuring the I-V curves under a light illumination at
100 mW/cm? (AM 1.5), as shown in Figure 5b. BHJ-OSC device with H3T-4-FOP: PC4; BM
(1:2, w/w) active layer reveals a promising PCE of ~4.38%, a high Jsc = ~11.18 mA /cm?,
Voc = 0.782 V and FF of 50%. It is expected that due to the high absorption and scattering
behavior, the fabricated BHJ-OSC exhibits a promising Jsc and Voc. Moreover, the im-
proved Jsc and photovoltaic performance of the (H3T-4-FOP: PC¢1BM, 1:2 w/w) active layer
might be associated with smooth film morphology (discussed in the next section) and a fast
intermolecular charge transfer (ICT) between H3T-4-FOP and PCs; BM which occurs due
to the introduction of multifunctional electron deficient groups in the acceptor unit [45]. In
support, the introduction of the hexyl side chain in the donor molecule further reduces the
interaction between the donor-acceptor interfaces which results in suppressing the charge
recombination and hence, improves the Voc [42]. Significantly, without any additives
or promotors in the active layer, the FF of the fabricated BHJ-OSCs shows relatively a
high value which credits to a suitable morphology and high charge carrier mobility [46].
However, the fabricated BHJ-OSCs with H3T-4-FOP:PC¢BM (1:1, w/w) and H3T-4-FOP:
PCg41BM (1:3, w/w) demonstrate lower photovoltaic parameters, as summarized in Table 2.
For the H3T-4-FOP: PCg41BM (1:1, w/w) thin film, it is expected that the creation of small
barriers at the interfaces between the donor and acceptor units during the fabrication of
BHJ-OSCs might be responsible for the occurrence of the high recombination of exciton,
which resulted in a low FF [47]. The obtained photovoltaic parameters were compared
with the existing research [48-51], as demonstrated in Table 3.
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Figure 5. (a) Energy level diagram and (b) J-V curve of fabricated bulk heterojunction organic solar cells (BHJ-OSCs) with
the active layer of H3T-4-FOP: PC¢1 BM at various ratios (1:1 w/w, 1:2 w/w, and 1:3 w/w).

Table 2. Photovoltaic parameters of the fabricated BHJ-OSCs devices with H3T-4-FOP:PC¢ BM active

layer.
H3T-4-FOP: PCs; BM Voc (V) Jsc (mA/cm?2) FF (%) PCE (%)
1:1 (w/w) 0.772 10.22 41 3.21
1:2 (w/w) 0.782 11.18 50 4.38
1:3 (w/w) 0.782 9.83 51 3.91

Table 3. Comparative study of fabricated BHJ-OSCs with different organic chromophores and H3T-4-FOP.

Organic Chromophores Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Reference
RTh-NR:PC¢ BM 0.59 8.70 32 1.65 34
RT-BSe-F:PC¢zBM 0.71 12.56 42 3.75 35

OMe-BBTz:PC¢; BM 0.69 8.71 58 3.53 48
DCAE7T-F1:PC¢ BM 0.83 5.55 50 2.26 49
DFP-BT-TPA:PC;; BM 0.90 6.12 39 217 50

PBDTFT-ttTPD:PC7; BM 0.79 8.57 48 3.27 51

H3T-4-FOP:PCg4 BM (1:1, w/w) 0.772 10.22 41 3.21 This work
H3T-4-FOP:PCg;BM (1:2, w/w) 0.782 11.18 50 4.38 This work
H3T-4-FOP:PCg;BM (1:3, w/w) 0.782 9.83 51 3.91 This work

The network of the donor-acceptor interface of an active layer affects the charge
separation and extraction efficiency [52], thus, the morphological features of the blend
thin films are studied by atomic force microscopy (AFM). The height and 3D images of
H3T-4-FOP: PC4;BM blend films are shown in Figure 6a—f. AFM images clearly indicate
the good miscibility of the donor and acceptor moieties. A relatively high mean-square
roughness (Rrms) of ~8.03 nm is observed in H3T-4-FOP: PC¢ BM (1:1, w/w) ratio, as seen
in Figure 6a,b, whereas a uniform morphology with an Rrms value of ~4.77 nm is observed
for the H3T-4-FOP: PC41BM (1:2, w/w) blend thin film which favors the nanoscale phase
separation and efficient exciton dissociation and, thus, attributes to relatively higher Jsc,
Voc, and device performance values based on the H3T-4-FOP: PC41BM (1:2, w/w) active
layer. Overall, under optimized conditions, the blend thin film of H3T-4-FOP: PC¢BM (1:2,
w/w) demonstrates fine and evenly distributed domains with a continuous interpenetrating
network without the existence of large aggregates.
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Figure 6. Atomic force microscopy (AFM) at topographical and 3D modes of (a,b) 1:1, w/w and (c,d) 1:2, w/w and (e,f) of
H3T-4-FOP:PCg41BM blend thin films.

4. Conclusions

A new and novel 4-fluorobenzoylacetonitrile based 7-conjugated SOM, H3T-4-FOP,
was synthesized and utilized as a photoactive organic donor for the fabrication of BHJ-
OSCs. The synthesized SOM is soluble in common organic solvents due to the presence of a
terminal hexyl side chain. The combined spectroscopic and electrochemical investigations
revealed that H3T-4-FOP SOM—due to the existence of n-7* and an ICT band—leads
an extension of the absorption spectral range. The fabricated BHJ-OSCs with a H3T-4-
FOP: PC4;BM (1:2, w/w) active layer shows a relatively high PCE of ~4.38% with a Jsc
of ~11.18 mA /cm?, Voc of 0.782 V and FF of ~50%. Significantly, the better performance
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and current density of the H3T-4-FOP: PC¢BM (1:2, w/w) active layer as compared to
other blend thin films, can be attributed to better packing, favorable orientation, homoge-
neous blending, and uniform thin film morphology. The obtained molecular properties
and promising device performance support the future designing of multifunction groups
containing 4-fluorobenzoylacetonitrile based SOMs for the fabrication of high perfor-
mance BHJ-OSCs.
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