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A’'—A-n—-D-n—-A-A’ extended small-molecule
photovoltaic donor based on fluorene-
diketopyrrolopyrrole with an end-group
fluorination effectt

Yang Liu, Lunxiang Yin,* Bao Xie, ' Chang Liu and Yangin Li‘2*

Three novel small-molecule donors (SMDs), namely Flu(DPP),, Flu(DPPsF), and Flu(DPPdF),, were designed
and synthesized to comprehensively investigate the synergistic effect of extended conjugation and
end-group fluorination on photoelectric properties. Firstly, acceptor-n-donor-n-acceptor (A-nt—D-n—A)
small molecule Flu(DPP), was constructed with alkylated fluorene, ethynyl functionalized thiophene, and
diketopyrrolopyrrole (DPP) as the donor, nt-bridge bond and acceptor units, respectively. Subsequently, two
novel A'-A-n—-D-n—A-A’ extended small-molecules Flu(DPPsF), and Flu(DPPdF), were constructed by
introducing monofluoro and difluoro substituted phenyl groups at the end group of Flu(DPP),. Compared
with Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), show broader absorption. Moreover, due to the introduction of
a fluorine substituted phenyl group, the band gap becomes narrower, and difluoro-terminal substituted
Flu(DPPdF), shows a narrower electrochemical band gap (EgV) than monofluoro-terminal substituted
Flu(DPPsF),. More importantly, bulk heterojunction (BHJ) organic photovoltaic (OPV) devices were prepared
using Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), as donors mixed with PCgBM, respectively. As a result, the
devices based on Flu(DPPsF), and Flu(DPPdF), achieve higher power conversion efficiency (PCE) than those
based on Flu(DPP),, which are 4.39% and 4.74%, respectively. This work shows that the synergistic strategy
with A’=A-n—-D-n—A-A’ extended molecular and end-group fluorination provides crucial guidance for the
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Introduction

In recent years, organic solar cells (OSCs) have attracted extensive
attention because of their flexibility, light-weight and low cost."”
With the innovation and optimization of materials and devices,
the power conversion efficiency (PCE) of OSCs has exceeded
20%, showing broad application prospects.* As we all know, the
active layer is an important component of OSCs.>® Generally,
both polymers and small molecules could be used as donor
materials in active layers.” Compared with polymer donor
materials, small molecules have obvious advantages such as
well-defined chemical formula, tunable molecular structure,
easy purification and high reproducibility.®'° However, in
recent years, nonfullerene acceptor materials have attracted
more attention, and the development of small molecule
donor (SMD) materials seems to be relatively lagging behind.
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design of novel photovoltaic materials with outstanding photoelectric properties.

Therefore, it is necessary to develop novel SMDs with superior
performance and low cost.

Fluorene, a tricyclic fused aromatic compound, has a good
planar rigid structure, which is conducive to capturing more
photons in the visible and near-infrared wavelengths."""*> By
introducing fluorene into the molecular structure, the energy
band gap of the material can be adjusted and the film-forming
property can be improved. At the same time, the solubility of
the material can be adjusted by introducing a long side alkyl
chain into the fluorene unit.">™* Surprisingly, the weak
electron-donating ability of fluorene leads to a deeper highest
occupied molecular orbital (HOMO) level, which provides great
potential for devices to obtain a high open circuit voltage (Voc)
based on fluorene as the electron-donating unit.">*” For
instance, in 2014, the devices based on DCAO3TF composed
of fluorene with a high Vo of 1.07 V were obtained by the Chen
group,’® which is one of the highest Vo in OSCs based on the
donor/PCBM active layer at that time. Moreover, Hu et al.
reported three A-D-A SMDs based on a fluorene-core modified
by various terminal groups, and then devices based on these
materials showed high Vo in the range from 0.97 to 1.07 V."®
However, the development of organic small molecule donor
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materials based on fluorene is still insufficient. In view of the
above excellent high V¢ properties of fluorene-based small
molecules, the construction of organic SMDs containing fluor-
ene is urgently needed at present.

The push-pull conjugated system composed of electron-rich
and electron-deficient groups connected by a conjugated
n-bridge has been widely used in the design of organic photo-
voltaic materials.’®?° Each fragment plays an important role in
adjusting the energy level of the molecular orbital and the
optical transition of the push-pull system.>’ Among many
acceptor units, DPP is outstanding for the following reasons:
(a) good planarity;** (b) intermolecular interactions, such as
hydrogen bonding and n-m interactions, contribute to high
charge carrier mobility**?® and (c) small molecules based on
DPP usually exhibit strong absorption in the visible and even the
near-infrared spectrum.>®*” Therefore, DPP based molecules
usually have a narrow band gap and a deep HOMO energy
level.”® The solubility of DPP-based molecules could be increased
by alkyl substitution at the 2,5-position of the lactam nitrogen,
which is conducive to the formation of good film morphology
with fullerene acceptors.”® Based on these significant advan-
tages, DPP units have great potential in the design of organic
photovoltaic materials.

Sometimes minor modifications to the molecular structure can
lead to significant improvements in the photovoltaic properties of
materials. Therefore, a reasonable modification strategy plays an
important role in the innovation of new materials. In order to
improve the short-circuit current density (/sc), various modification
strategies are used to redshift the absorption spectrum as much
as possible, such as expanding the conjugation of the central
nucleus to increase its electron donating ability,***> or inserting
conjugated fragments between the D-unit and the A-unit.**>* In
addition, the absorption spectrum of compounds can also be
broadened by extending the conjugation of molecules or increasing
the electron acceptance ability of the A-unit.>***° Fluorine, due to its
small atomic radius and high electronegativity, has strong electron-
withdrawing properties.*' The introduction of a fluorine atom into
the end group can not only broaden the light absorption and
reduce the molecular energy level, but also enhance the interaction
between molecules through C-F---H, C-F---S and C-F---m inter-
actions, which are helpful in optimizing the morphology of the
active layer.*>** However, the systematic research using two or
more synergetic strategies still needs to be further explored.

Inspired by the above discussion, three small molecules,
namely Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), were designed
and synthesized to investigate the extended conjugation and
fluorination effects. The molecular design concept and
chemical structures of the three compounds are shown in
Scheme 1. For comparison, the reference molecule Flu(DPP),
was constructed with alkylated fluorene as the donor (D) unit,
DPP as the acceptor (A) unit, and ethynyl functionalized thio-
phene as the n-bridge bond. Subsequently, two novel A’-A-n—
D-n-A-A’ extended small-molecules Flu(DPPsF), and
Flu(DPPdF), were constructed by introducing monofluoro and
difluoro substituted phenyl groups at the end of Flu(DPP),.
Density functional theory (DFT) and time-dependent DFT

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular design ideas and chemical structures of Flu(DPP),,
Flu(DPPsF),, and Flu(DPPdF),.

(TD-DFT) calculations were used to predict the ground-state
geometry, energy levels, electron-density distribution, and
optical absorption characteristics of the three compounds.
Compared with Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), show
wider absorption. Moreover, due to the introduction of the
fluorine substituted phenyl group, the band gap becomes
narrower and difluoro-terminal substituted Flu(DPPdF), shows
a narrower electrochemical band gap than monofluoro-terminal
substituted Flu(DPPsF),. In addition, Flu(DPPdF), has a deeper
HOMO energy level than Flu(DPPsF),, which is expected to
obtain high Vo in organic photovoltaic devices (OPVs). It is
worth mentioning that the bulk heterojunction (BHJ) OPVs were
prepared using Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), as
donors mixed with PCg;BM, respectively. As a result, the devices
based on Flu(DPPsF), and Flu(DPPdF), achieve higher power
conversion efficiencies (PCEs) than the devices based on
Flu(DPP),, which are 4.39% and 4.74% respectively. This work
shows that this extended molecular design and fluorine sub-
stitution strategy have great potential in the development of new
OPV materials.

Experiments and methods
Reagents and materials

All reagents and materials mentioned in this article were
purchased from commercial suppliers and can be used directly.
Toluene and tetrahydrofuran (THF) were dried with sodium/
benzophenone under a nitrogen atmosphere before use.

Device fabrication and characterization

The conventional device structure of ITO/PEDOT:PSS/organic
active layer/Al was used to prepare solution-treated BH] OSCs.
Indium tin oxide (ITO) glass substrates were cleaned by ultra-
sonication for 30 minutes in deionized water, methanol,
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acetone, toluene and isopropanol in an appropriate sequence.
The substrate was then dried in an infrared oven for 20 minutes.
Subsequently,  poly(3,4-ethylenedioxy-thiophene):poly(styrene
sulfonate) (PEDOT:PSS) was spin-coated on the glass substrate
at a rate of 4000 rpm for 60 seconds. After baking at 140 °C for
20 minutes, the glass substrate was transferred to a glove box
filled with nitrogen (N,) for spin-coating of the organic active
layer. Subsequently, the mixed solution of the SMDs and PC4;BM
in chloroform (9 mg mL™") was spin-coated on the ITO/PED-
OT:PSS substrate at 1000 rpm for 60 seconds. Finally, under a
vacuum of 10~* Pa, a thin layer of aluminum (80 nm) was
deposited on the active layer as the cathode, and eight individual
devices with an effective area of 5.0 mm” were obtained. The
characteristics of hole mobility (u,) and electron mobility (i)
were obtained by the device structures of the ITO/PEDOT:PSS/
organic active layer/Au and ITO/ZnO/organic active layer/Al,
respectively. A thin gold layer (80 nm) was deposited on the
active layer by thermal evaporation. The zinc oxide (ZnO) dis-
persion was spin-coated on the glass substrate at a rate of
3000 rpm for 60 seconds. The charge carrier mobility was
calculated by the space charge limited current (SCLC) method
using the following equation:*>*° J = (9/8) ege.u (V?/L?), where J,
€0y &1y 1, V and L are the current density, the permittivity of free
space, the relative permittivity of the material, the hole mobility
and electron mobility, the effective voltage and active layer
thickness, respectively.

Measurements and characterization

"H-NMR and "*C-NMR spectra were recorded using a Bruker
AVANCE II 500 MHz and a 125 MHz spectrometer with TMS as
the internal standard and CDCI; as the solvent. A MALDI Micro
MX spectrometer was used to measure high resolution mass
spectra (HRMS). Ultraviolet-visible (UV-Vis) absorption spectra
were obtained using an Agilent Cary 5000 spectrometer in CHCl;
solution and in thin films. Cyclic voltammetry (CV) measurements
were performed on a CHI610D electrochemical workstation from
CH Instruments. Tests were carried out in 0.1 M Bu,NBF,/CH,Cl,
solution and under a nitrogen atmosphere at a scan rate of

View Article Online

Paper
100 mV s '. Ferrocene-ferrocenium (Fc/Fc') was used as an
internal standard, and a conventional three-electrode cell with a
glassy carbon working electrode, an Ag/Ag* (Ag in 0.1 M aceto-
nitrile solution of AgNO;) reference electrode, and a platinum wire
counter electrode was used. The HOMO and LUMO energy level
value, and the electrochemical band gap were calculated accord-
ing to the following empirical equations:*’*° HOMO®'//LUMO® =
—[Eoxirea — EX5°™ + 4.8]eV, where EX5°°™ = 0,05 eV versus Ag/
Ag', E,, is the measured onset oxidation potential and E,.q is the
measured onset reduction potential. Thermogravimetric analysis
(TGA) was performed using a TA Instruments Q50 thermogravi-
metric analyzer at a heating rate of 10 °C min~" under nitrogen.
The current density-voltage (J-V) characteristics of the OSCs were
measured with a computer controlled Keithley 2400 Source
Measure Unit under simulated AM 1.5G illumination with an
intensity of 100 mW cm 2. The external quantum efficiency (EQE)
spectra of OSCs were measured using a solar cell spectral
response measurement system QE-R3-011 (Enli Technology Co.,
Ltd., Taiwan). The J-V characteristics of the hole-only and the
electron-only devices were measured with a Keithley 2400 Source
Measure Unit system in the dark.

Synthesis and characterization

The synthetic routes for the compounds Flu(DPP),, Flu(DPPsF),,
and Flu(DPPdF), are shown in Scheme 2. Compound 1 was
prepared according to the previously reported procedures®
and the synthetic procedure of DPP-based intermediates (com-
pounds A1, A2 and A3) can be found in the ESL.}

Synthesis of 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl) dithiophene
(compound 2). A mixture of compound 1 (0.98 g, 1.80 mmol),
thiophene-2-boronic acid (553 mg, 4.33 mmol), Pd(PPh;), (42 mg,
0.04 mmol), K,CO; (1.49 g, 10.80 mmol), THF (10 mL) and water
(5.4 mL) were refluxed at 85 °C for 24 h under nitrogen. After
cooling to room temperature, the reaction solution was poured
into water (50 mL) and the resulting mixture was extracted with
ethyl acetate (3 x 20 mL). The combined organic layer was
dried over anhydrous Na,SO,, and then the solvent was removed
under reduced pressure. The residue was purified by column

g,
Ri Ry (\_,7—8\ Ry Ry Ry R4
OH
50 = BTE
O o O o OO
1 2
R
) Flu(DPP),
R Ry =S, Noo Pd(PPhj),
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AP + 0P +—sPX  cul, TEA, 80°C
R, Flu(DPPdF),
3 A1-A3
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Al: X=H A2: X= ...@_F A3: X= _@
R, = 2-ethylhexyl

Scheme 2 Synthetic routes for the compounds Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF),.
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chromatography on silica gel with petroleum to afford a white
liquid (879 mg, 88%). "H-NMR (500 MHz, CDCl;, ppm): 6 7.68 (d,
J=7.8 Hz, 2H), 7.62 (dd, J; = 1.6 Hz, J, = 7.8 Hz, 2H), 7.56 (d, ] =
1.3 Hz, 2H), 7.39 (dd, J; = 1.1Hz, J, = 3.6 Hz, 2H), 7.30 (dd, J; =
1.1 Hz, J, = 5.1 Hz, 2H), 7.11 (dd, J, = 3.6 Hz, J, = 5.1 Hz, 2H), 2.02
(m, 4H), 1.22-1.02 (m, 20H), 0.79 (t, ] = 6.8 Hz, 6H), 0.68 (m, 4H).

Synthesis of 5,5'(9,9-dioctyl-9H-fluorene-2,7-diyl)bis (2-iodothio-
phene) (compound 3)*°. A mixture of compound 2 (316 mg,
0.57 mmol), N-iodosuccinimide (NIS) (321 mg, 1.43 mmol), chloro-
form (10 mL), and acetic acid (10 mL) was stirred at room
temperature for 5 h in the dark. The reaction solution was
neutralized with NaOH (1M), and then Na,S,0; (0.1M) was added
to the reaction solution. The resulting solution was extracted with
CH,Cl, (3 x 20 mL). The combined organic phase was dried over
anhydrous Na,SO,, and the solvent was evaporated under reduced
pressure. The residue was purified by column chromatography on
silica gel with petroleum ether to afford a green liquid (390 mg,
85%). 'H-NMR (500 MHz, CDCl,, ppm) é 7.67 (d, J = 7.9 Hz, 2H),
7.51 (dd, J; = 7.9 Hz, J, =1.6 Hz, 2H), 7.45 (d, ] = 1.4 Hz, 2H), 7.25
(d,J = 3.8 Hz, 2H), 7.04 (d, = 3.8 Hz, 2H), 2.01-1.95 (m, 4H), 1.19-
1.02 (m, 20H), 0.80 (t, / = 7.0 Hz, 6H), 0.69-0.61 (m, 4H).

Synthesis of Flu(DPP),. A mixture of compound 3 (218 mg,
0.27 mmol), compound A1 (356 mg, 0.65 mmol), Pd(PPhj;),
(30 mg, 0.03 mmol), Cul (10 mg, 0.05 mmol), toluene (15 mL),
and TEA (12 mL) was heated at 80 °C for 48 h under nitrogen.
After cooling to room temperature, the reaction solution was
poured into water (30 mL) and the resulting solution was
extracted with CH,Cl, (3 x 20 mL). The collected organic phase
was dried over anhydrous Na,SO, and the solvent was removed
under reduced pressure. The crude product was purified by
silica column chromatography and eluted with petroleum
ether/CH,Cl, (1:3, v/v) to afford a brown solid (300 mg, 67%).
M.p.: 139-141 °C. "H-NMR (500 MHz, CDCl;, ppm) 6 8.93 (d, ] =
3.8 Hz, 2H), 8.91 (d, ] = 4.1 Hz, 2H), 7.71 (d, ] = 7.9 Hz, 2H), 7.64
(d,J = 5.0 Hz, 2H), 7.60 (d, J = 8.0 Hz, 2H), 7.56 (s, 2H), 7.39 (d,
J=4.1Hz, 2H), 7.33 (q, J = 3.8 Hz, 4H), 7.30-7.27 (m, 2H), 4.10-
3.97 (m, 8H), 2.06-1.98 (m, 4H), 1.95-1.84 (m,4H), 1.41-1.24 (m,
32H), 1.20-1.05 (m, 20H), 0.92-0.85 (m, 24H), 0.80 (t, = 7.1 Hz,
6H), 0.70 (m, 4H). *C-NMR (125 MHz, CDCl;, ppm) J 161.66,
161.61, 152.00, 147.93, 140.79, 140.69, 140.68, 139.24, 135.60,
135.40, 134.03, 132.85, 132.59, 130.82, 129.81, 128.51, 127.92,
125.13, 123.24, 120.99, 120.45, 120.13, 108.79, 108.11, 91.32,
87.05, 55.40, 46.08, 45.97, 40.31, 39.16, 39.10, 31.78, 30.24,
30.23, 30.17, 30.15, 29.94, 29.19, 29.16, 28.37, 28.34, 26.92,
23.78, 23.56, 23.08, 22.60, 14.04, 14.03, 10.50, 10.49.
HRMS(MALDI-TOF):1646.7747, [M'] (caled for Cy91H;2,N40,S6:
1646.7990).

Synthesis of Flu(DPPsF),. A mixture of compound 3 (194 mg,
0.24 mmol), compound A2 (340 mg, 0.53 mmol), Pd(PPhj;),
(25 mg, 0.02 mmol), Cul (8 mg, 0.04 mmol), toluene (15 mL),
and TEA (12 mL) was heated at 80 °C for 48 h under nitrogen.
After cooling to room temperature, the reaction solution was
poured into water (30 mL) and the resulting solution was
extracted with CH,Cl, (3 x 20 mL). The collected organic phase
was dried over anhydrous Na,SO, and the solvent was evapo-
rated under reduced pressure. The crude product was purified

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

by silica column chromatography and eluted with petroleum
ether/CH,Cl,(1: 5, v/v) to give a dark solid (167 mg, 38%). M.p.:
174-175 °C. "H-NMR (500 MHz, CDCl;, ppm) 6 8.97 (d, J =
4.0 Hz, 2H), 8.91 (d, ] = 4.1 Hz, 2H), 7.69 (d, J = 7.9 Hz, 2H), 7.64
(dd, J, = 8.6 Hz, J, = 5.2 Hz, 4H), 7.61-7.55 (m, 4H), 7.38 (dd, J; =
9.8 Hz, J, = 4.1 Hz, 4H), 7.33 (q, ] = 3.9 Hz, 4H), 7.12 (t, ] = 8.5 Hz,
4H), 4.12-3.99 (m, 8H), 2.06-1.99 (m, 4H), 1.97-1.88(m, 4H),
1.41-1.25 (m, 32H), 1.21-1.06 (m, 20H), 0.95-0.87 (m, 24H), 0.80
(t,J = 7.1 Hz, 6H), 0.71 (m, 4H). ">*C-NMR (125 MHz, CDCl;, ppm)
J 164.09, 162.10, 161.63, 161.49, 152.00, 148.78, 147.92, 140.78,
140.30, 138.86, 137.14, 135.38, 134.02, 132.85, 132.58, 130.87,
129.47, 128.75, 127.96, 127.89, 127.84, 125.14, 124.50, 123.23,
121.01, 120.46, 120.10, 116.37, 116.19, 108.90, 108.22, 91.37,
87.13, 55.40, 46.13, 46.04, 40.31, 39.25, 39.17, 31.78, 30.37,
30.17, 29.96, 29.20, 29.17, 28.58, 28.35, 28.34, 23.80, 23.71,
23.58, 23.12, 23.10, 22.60, 14.07, 10.58, 10.52. HRMS(MALDI-
TOF): 1834.8207, [M'] (caled for Cy13H;,5F,N,0,S6: 1834.8228).

Synthesis of Flu(DPPAF),. A mixture of compound 3 (148 mg,
0.18 mmol), compound A3 (267 mg, 0.40 mmol), Pd(PPh;),
(20 mg, 0.02 mmol), Cul (7 mg, 0.03 mmol), toluene (15 mL),
and TEA (10 mL) was heated at 80 °C for 48 h under nitrogen.
After cooling to room temperature, the reaction solution was
poured into water (30 mL) and the resulting solution was
extracted with CH,Cl, (3 x 20 mL). The collected organic phase
was dried over anhydrous Na,SO, and the solvent was removed
by rotary evaporation. The crude product was purified by silica
column chromatography and eluted with petroleum ether/
CH,CI, (1:4, v/v) to afford a dark solid (175 mg, 51%). M.p.:
228-229 °C. '"H-NMR (500 MHz, CDCl;, ppm) ¢ 8.93 (dd, J; =
7.8 Hz, J, = 4.1 Hz, 4H), 7.70 (d, J = 7.9 Hz, 2H), 7.62-7.54 (m,
4H), 7.46 (d, J = 4.0 Hz, 2H), 7.38 (d, J = 4.0 Hz, 2H), 7.33 (d, J =
3.7 Hz, 4H), 7.18 (d, ] = 6.0 Hz, 4H), 6.81 (t, ] = 8.6 Hz, 2H), 4.12-
3.97 (m, 8H), 2.09-1.97 (m, 4H), 1.97-1.84 (m, 4H), 1.48-1.22
(m, 32H), 1.22-1.00 (m, 20H), 0.98-0.85 (m, 24H), 0.80 (t, J =
7.1 Hz, 6H), 0.70 (m, 4H). ">C-NMR (125MHz, CDCl;, ppm) §
164.47, 164.37, 162.49, 162.38, 161.59, 161.54, 152.01, 148.02,
146.56, 140.81, 139.60, 136.55, 135.76, 134.10, 132.89, 132.58,
130.70, 130.00, 128.30, 125.76, 125.15, 123.26, 120.94, 120.47,
120.13, 109.11, 109.06, 108.95, 108.89, 108.85, 91.61, 87.06,
55.41, 46.17, 46.05, 40.31, 39.31, 39.17, 31.78, 30.39, 30.16,
29.95, 29.20, 29.17, 28.62, 28.34, 28.33, 23.79, 23.72, 23.59,
23.11, 23.10, 22.61, 14.06, 10.57, 10.52. HRMS(MALDI-
TOF):1870.8075, [M'] (caled for Cy;3H;,6F4N40,Se : 1870.8039).

Results and discussion
Synthesis and thermal stability

The synthetic routes of three compounds are summarized in
Scheme 2, and the synthetic details of compounds A1, A2 and
A3 can be found in the ESI.f Compound 2 was prepared by
the Pd(PPh;),-catalyzed Suzuki coupling reaction between com-
pound 1 and thiophene-2-boronic acid, and the yield was 88%.
Compound 2 and NIS were treated in a mixture of chloroform
and acetic acid to obtain compound 3 with a yield of 85%. The
target molecules Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF), were

Mater. Adv,, 2022, 3, 6496-6505 | 6499
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Fig. 1 TGA curves of compounds Flu(DPP),, Flu(DPPsF), and Flu(DPPdF),
at a heating rate of 10 °C min~* under a nitrogen flow.

synthesized from compound 3 and compounds A1, A2 and A3
by the Sonogashira coupling reaction, with yields of 67%, 38%,
and 51% respectively. The chemical structures of three target
compounds have been fully confirmed by 'H-NMR, "*C-NMR,
and MALDI-TOF HRMS. TGA tests were performed on the three
compounds to evaluate their thermal stability. As shown in
Fig. 1, the decomposition temperatures with 5% weight loss
(T4q) of the three compounds are 393 °C for Flu(DPP),, 401 °C for
Flu(DPPsF),, and 378 °C for Flu(DPPdF),, indicating that they
all have excellent thermal stability.

Theoretical calculations

In order to evaluate the ground state geometry, the electron
density distribution, the molecular energy levels and the optical
absorption properties of Flu(DPP),, Flu(DPPsF), and
Flu(DPPdF),, DFT and TD-DFT calculations were performed
using Gaussian09 using the Becke’s three-parameter gradient
corrected functional (B3LYP) with a polarized 6-31G (d) basis.””
The longer alkyl chains of the compounds are replaced by
methyl to simplify the calculations. The calculation results
are shown in Fig. 2. The calculated data of DFT and TD-DFT
are shown in Table 1. and the ESIL.{

As shown in Fig. 2(a), the dihedral angles of D-n fragments
for Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF), are 23.9°, 24.0°, and
25.0°, respectively. The A-A’ units of Flu(DPPsF), and Flu(DPPdF),
maintain good planarity with dihedral angles of 25.1° and 23.8°.
The appropriate angle can avoid excessive intermolecular
stacking, which is more conducive to intramolecular charge
transfer (ICT).”*> Flu(DPPsF), and Flu(DPPdF), containing term-
inal fluorine-substituted phenyl groups are expected to prolong
molecular conjugation and enhance the electron-withdrawing
ability of terminal groups, resulting in a narrower band gap.
The electronic-density distributions and energy levels are shown
in Fig. 2(b). The density of the electron cloud of the HOMO is
almost distributed in the whole molecule, while the electron cloud
density of the lowest unoccupied molecular orbital (LUMO) is
more intensive in the DPP and terminal groups with a strong
electron-withdrawing ability. Compared with Flu(DPP),, Flu(DPPsF),
has a slightly higher HOMO and lower LUMO energy levels,
thus reducing the band gap from 2.09 eV to 2.03 eV. The HOMO
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and LUMO energy levels of Flu(DPPdF), are lower than those of
Flu(DPPsF),, which is attributed to the stronger electron-
withdrawing capacity of difluoro-substitution than monofluoro-
substitution. In addition, the lower HOMO energy level of
Flu(DPPdF), may lead to an increase of V.

The simulated absorption spectra in chloroform solution
and the electronic transition of three molecules are shown in
Fig. 2(c). The three molecules exhibit two main absorption
bands, one of which belongs to the low-energy region mainly
caused by the electronic transition from the HOMO to LUMO,
and the other one is located in the high-energy region, which is
caused by the electronic transition from the HOMO to LUMO+2
of Flu(DPP),, HOMO to LUMO+4 of Flu(DPPsF), and the
HOMO-6 to LUMO of Flu(DPPdF),, respectively. Therefore, it
is speculated from the theoretical calculation that the absorp-
tion spectra of the three compounds cover the UV-vis and near-
infrared region, which indicates that they can show excellent
spectral characteristics.

Spectral characteristics

The UV-Vis absorption spectra of the three molecules in chloro-
form solution and in the thin film state are shown in Fig. 3, and
the relevant data are described in Table 1.

In solution, the molar extinction coefficients (¢) of
Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF), at the strongest
absorption bands are 1.40 x 10° M ' em™', 0.56 x 10° M~ " cm ™/,
and 1.00 x 10° M~' em ™, respectively. Compared with Flu(DPP),,
the maximum absorption peaks (A5%,) of Flu(DPPsF), and
Flu(DPPdF), are red-shifted by 30 nm, indicating that the intro-
duction of a fluorine-substituted phenyl group is helpful for
capturing more photons. Furthermore, the ¢ of Flu(DPPAF), is
much higher than that of Flu(DPPsF),, indicating that the strategy
of difluoro-substitution is helpful in enhancing the absorption of
the material.

In the thin film state, the absorption range of three molecules
shows an obvious red-shift than in solution, indicating the
existence of strong n-n stacking in the solid state.*"** According
to the equation EgP* = 1240//cqge,” the optical band gap (Eg™) of
Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), are 1.80 eV, 1.68 eV,
and 1.66 eV, respectively. Compared with Flu(DPP),, the optical
band gaps of Flu(DPPsF), and Flu(DPPdF), are narrower, which
meets the narrow band gap design of organic small molecule
donor materials and helps to improve the Js of the device.>*

In order to confirm the aggregation properties of three
molecules, temperature-dependent absorption spectra of
Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), in dichlorobenzene
solutions was obtained, as shown in Fig. 4. When the solution
temperature rises from 30 to 80 °C, the ratio of 14, 4/IA,_, for
three molecules gradually decreases, indicating that the strong
intramolecular aggregation exists in the three molecules.
Moreover, the A,; maximum intensities of Flu(DPP),,
Flu(DPPsF), and Flu(DPPdF), showed a certain blue-shift. As
a result, the ratio of IA,_,/IA,_, combined with the observed
blue-shift suggests that rising temperature leads to molecular
disorder and weakens the n-n stacking interactions. However,
the shoulder peaks of Flu(DPPsF), and Flu(DPPdF), are more

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The summary of the theoretical calculation of Flu(DPP),, Flu(DPPsF),, Flu(DPPdF),: (a) the ground state geometry; (b) electronic-density

distributions and energy levels; and (c) predicted optical absorption with the

calculated electronic transitions.

Table 1 The photophysical, electrochemical data and theoretically calculated values of Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF),

UV-Vis absorption

Cyclic voltammetry DFT calculation

Compound  Ajea, (nm)/e (10° M~ ' em™ ) Zhm (nm) ST (nm) EP (eV)

HOMO®Y/LUMO® (eV) EZ¥ (eV) HOMO ""/LUMO"™™ (eV) EZ™" (eV)

Flu(DPP), 584/1.40 615 687 1.80
Flu(DPPsF), 614/0.56 667 738 1.68
Flu(DPPdF), 614/1.00 674 746 1.66
@ -a—Flu(DPP),
1.5 —&—Flu(DPPsF),

—s—Flu(DPPdF)y

In CHCI3
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Wavelength(nm)

—5.29/—-3.43 1.86 —4.84/-2.75 2.09
—5.23/-3.45 1.78 —4.81/-2.78 2.03
—5.28/—3.53 1.75 —4.91/-2.88 2.03
(b) ~o—Flu(DPP)2
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Fig. 3 Spectral characteristics of three compounds: (a) UV-Vis absorption spectra in CHCl3z solution and (b) normalized UV-Vis absorption spectra in the

thin film state.

prominent than that of Flu(DPP),, which indicates fluorine
substituted Flu(DPPsF), and Flu(DPPdF), can form a stronger
and more stable intramolecular aggregation.>>>°

XRD analysis

The crystallization characteristics of these SMDs were further
studied by X-ray diffraction (XRD). The XRD patterns in the thin

© 2022 The Author(s). Published by the Royal Society of Chemistry

films of Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), are shown in
Fig. 5, the diffraction peaks of Flu(DPP),, Flu(DPPsF), and
Flu(DPPdF), are located at 6.58° 6.61° and 6.65°, respectively,
indicating three molecules possess good crystallinity.>”
Compared with Flu(DPP),, the diffraction peaks of Flu(DPPsF),
and Flu(DPPdF), are stronger and sharper, indicating that the
crystallinity of Flu(DPPsF), and Flu(DPPdF), is better. According
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Fig. 4 Temperature-dependent absorption spectra of Flu(DPP),, Flu(DPPsF),
and Flu(DPPdF), in dilute o-dichlorobenzene solutions.

to Bragg equation (2dsinf = n/), the interplanar spacings of
Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), are 13.52 A, 13.38 A and
13.29 A, respectively. The decrease of the spacing indicates that
the end-group fluorination can enhance the molecular n-n
stacking.> The XRD results are in accordance with charge
mobility and photovoltaic properties of these SMDs.*®

Electrochemical properties

Cyclic voltammetry (CV) measurements were performed in
order to investigate the electrochemical properties of three
compounds. The relevant curves and data are shown in
Fig. 6(a) and Table 1. The measured onset reduction potentials
and oxidation potentials were —1.32V/0.54 V, —1.30 V/0.48 V and
—1.22 V/0.53 V for Flu(DPP),, Flu(DPPsF), and Flu(DPPdF),,
respectively. According to the following empirical equations:*"~*°
HOMOY/LUMO® = —[Eoxjrea Efeene 48] eV, where

15 "¢ = 0.05 eV the calculated HOMO and LUMO energy levels
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from the oxidation and reduction potentials are —5.29 eV/
—3.43 eV for Flu(DPP),, —5.23 eV/—3.45 eV for Flu(DPPsF),,
—5.28 eV/—3.53 eV for Flu(DPPdF),. In addition, the band gaps
of Flu(DPPsF), and Flu(DPPdF), are narrower than that of
Flu(DPP),, which is consistent with the trend given in the
previous theoretical calculation.”” Compared with Flu(DPPsF),,
the lower HOMO level of Flu(DPPF), helps to obtain higher
Voc in OPV devices,*® which is due to the stronger electron-
withdrawing characteristics caused by terminal difluoro-
substitution. In short, the variation trends of energy levels and
band gaps of the three molecules obtained from CV experiments
and theoretical calculations are basically consistent, indicating
that theoretical calculations can provide important information
for molecular design.

As shown in Fig. 6(b), the HOMO and LUMO energy levels of
three molecules as donor materials match well with PCs,BM,
and the LUMO energy level difference with PCs;BM exceeds
0.3 eV, which provides sufficient driving force for charge
separation at the interface.®® The results show that the three
molecules meet the requirements of photovoltaic materials as
donors, which provides conditions for the preliminary study of
photovoltaic devices.

Photovoltaic properties

Solution-processed BH]J devices composed of ITO/PEDOT:PSS/
SMDs:PCy;BM/Al were prepared to evaluate the photovoltaic
characteristics of new materials. The J-V curves and related
photoelectric parameters are summarized in Fig. 7(a) and
Table 2. Without any optimization, the PCEs of devices based
on Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF), reached 2.90%,
4.39% and 4.74% respectively. Compared with Flu(DPP),-based
devices, the PCEs of the devices based on Flu(DPPsF),, and
Flu(DPPdF), increased by 51.4% and 63.4%, respectively,
mainly due to the increase of Jsc and FF. In addition, compared
with the Flu(DPPsF),-based device with a Vo of 0.81 V,
Flu(DPPdF),-based devices show a higher V¢ of 0.86 V, which
indicates that the design of difluoro-substituted materials is
better.? In short, these results prove the rationality of molecular
design strategy.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The CV curves and energy levels: (a) CV curves of Flu(DPP),, Flu(DPPsF), and Flu(DPPdF), in 0.1 M BusNBF4/CH,Cl, solution at a scan rate of
100 mV st under nitrogen; (b) Energy level diagram of Flu(DPP),, Flu(DPPsF),, Flu(DPPdF), and PCg,BM.

External quantum efficiency

The external quantum efficiency (EQE) curves of devices based
on different active layer materials are shown in Fig. 7(b). All
devices based on three molecules exhibit two characteristic
photon-to-electron response bands, ranging from 300 nm to
750 nm. It is worth noting that in the short wavelength region
(300-500 nm), the device based on Flu(DPPdF), has a maximum
EQE value of 82.7%, while in the long wavelength region (500
750 nm), the device based on Flu(DPPsF), shows a maximum
EQE value of 47.8%. Obviously, the devices based on Flu(DPPsF),
and Flu(DPPdF), show a broader and stronger photon-electron
response than devices based on Flu(DPP),. The integrated
current (/$&) of devices based on Flu(DPP),, Flu(DPPsF),,

and Flu(DPPAF), obtained from EQE curves are 9.83 mA cm 2,

@ , fr «
o I
o ~a—FIu(DPP) vl

% 21 —a-Flu(DPPsF)y /

< K

T —=~Flu(DPPdF) /

>

Current Densit;

00 02 04 06 08 10
Voltage (V)

11.91 mA cm > and 12.28 mA cm 2, respectively, which are
basically consistent with the Jsc obtained by -V measurements
(error less than 5%). Based on the above analysis, it can be
concluded that the devices based on Flu(DPPsF), and
Flu(DPPdF), show more effective photon-to-electron response
than the devices based on Flu(DPP),. Therefore, the molecular
design of extending the conjugated structure and fluorine-
substitution is successful.

Charge carrier transport

In order to further understand the difference in the photo-
voltaic performance of devices based on three materials Flu(DPP),,
Flu(DPPsF),, and Flu(DPPdF),, the charge carrier mobility
was tested by the space charge limited current (SCLC) method.

(b) 10 14
—a—FIlu(DPP)y
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Fig. 7 Photovoltaic characteristics of the devices based on the organic active layer of Flu(DPP),:PCg1BM, Flu(DPPsF),:PC¢BM and Flu(DPPdF),:PC¢:BM,
respectively. (a) J-V curves of devices based on the above different active layer materials and (b) EQE spectra and integrated current curves of the devices

with different active layer materials.

Table 2 Photovoltaic data of the devices based on the organic active layer with Flu(DPP),:PCgBM, Flu(DPPsF),:PC¢,BM, and Flu(DPPdF),:PCg:BM,

respectively

Organic active layer of devices Voc (V) Jsc (MAcm™) J&& (mA ecm™2) FF (%) PCE (PCEae) (%) fn (cm® V7' 8™ pe (em® V7' s up/pte
Flu(DPP),:PC¢,BM 0.97 10.13 9.83 29.51  2.90 (2.67) 3.17 x 107° 1.65 x 10°° 1.92
Flu(DPPSF),:PC¢;BM 0.81 12.39 11.91 43.74  4.39 (4.08) 7.26 x 107° 6.08 x 107° 1.19
Flu(DPPdF),:PCq, BM 0.86 12.41 12.28 44.41  4.74 (4.33) 1.40 x 107 1.60 x 1074 0.88
The average data of PCE are obtained from 24 devices.

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 6496-6505 | 6503
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Fig. 8 J-V curves of the devices in the dark based on the organic active layer with Flu(DPP),:PCg:BM, Flu(DPPsF),:PC¢:BM and Flu(DPPdF),:PCg:BM,
respectively. (a) The hole-only devices and (b) the electron-only devices. Inset: The J-V plots in a double logarithmic scale and the solid lines are fit to the
data points to an SCLC model. (c) Histogram of the carrier mobility for the devices.

Hole mobility (1) and electron mobility (u.) were measured
with the device architectures of ITO/PEDOT:PSS/organic active
layer/Au and ITO/ZnO/organic active layer/Al, respectively. The
charge carrier mobility, J-V curves and the related data are
shown in Fig. 8 and Table 2. As a result, the y;, values of the
device based on Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF), are
3.17 x 107°, 7.26 x 107 ° and 1.40 x 10~* cm?> V! s7', the
corresponding u. values are 1.65 x 107>, 6.08 x 10 > and
1.60 x 107* em® V™' 57! respectively. The devices based on
Flu(DPPsF), and Flu(DPPdF), show a higher hole mobility and
electron mobility than devices based on Flu(DPP),. In particu-
lar, the device based on Flu(DPPdF), shows the highest carrier
mobility values. The ratios of up/u. of devices based on
Flu(DPP),, Flu(DPPsF),, and Flu(DPPdF), are 1.92, 1.19 and
0.88 respectively. The higher short-circuit .. and PCEs of
devices based on Flu(DPPdF), benefit from its higher and more
balanced pup/pe value.>*®" In addition, the contact angle of
Flu(DPPdF), is most similar to those of PC¢BM (Fig. S11
in the ESIY), indicating that there is the most appropriate
miscibility between Flu(DPPdF), and PC¢BM, which could be
helpful for the formation of excellent bulk heterojunction (BHJ)
morphology.*>”*>

Conclusions

In conclusion, three new small molecule donors have been
designed and synthesized successfully. In particular, two novel
A'-A-n-D-n-A-A’ extended small-molecules Flu(DPPsF), and
Flu(DPPdF), were constructed by introducing monofluoro and
difluoro substituted phenyl groups at the end group of
Flu(DPP),. The synergistic effect of extended conjugation and
end-group fluorination on photovoltaic properties were inves-
tigated comprehensively. It is worth mentioning that devices
based on Flu(DPPsF), and Flu(DPPdF), achieved a higher PCE
of 4.39% and 4.74%, respectively, compared with Flu(DPP),.
This is mainly because these two extended fluorine-substituted
materials based on Flu(DPPsF), and Flu(DPPdF), exhibit
broader light absorption, narrower band gap and better crystal-
linity. Moreover, the devices based on these two materials show
more effective photon-electron response, higher and more

6504 | Mater. Adv., 2022, 3, 6496-6505

balanced carrier transport characteristics. This work shows
that the synergistic strategy with A’-A-n-D-n-A-A’ extended
molecular and fluorine-substitution provides crucial guidance
for the design of novel materials with improved photovoltaic
performance.
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