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A series of highly fluorinated BODIPY dyes with different styryl aromatic donor groups such as phenyl, naphthyl
and anthracyl were designed, synthesized, characterized and applied as electron-donor materials in organic
photovoltaic cells (OPV). The introduction of the styryl moieties leads to a large bathochromic shift and to a
significant decrease in the HOMO-LUMO energy-gaps. All the BODIPY dyes showed relatively low HOMO en-
ergies ranging from —5.21 to —5.54 eV as determined from cyclic voltammetry measurements. Furthermore,
they all show good solubility in organic solvents, thermal stability, excellent film-forming abilities which added

with the great optoelectronics characteristics makes them excellent candidates as electron-donor materials for
OPV cells. The power conversion efficiency (PCE) of the OPV based on the best BODIPY blend (BDP3/PC;,BM
(1:2, w/w) was 2.8% with a high open circuit voltage (Voc) of 1.00 V, which is a very promising PCE result for
BODIPY based OPV and a top Vg value for this kind of systems.

1. Introduction

Over the last 3 decades organic photovoltaic cells (OPV) have
driven an intense research effort aiming at obtaining new materials that
could push the power conversion efficiency up, eventually reaching
values comparable to those of the silicon solar cells. Although the
power conversion efficiencies of OPV have not, this far, exceeded 13%
and material stability remains a challenge, this sort of photovoltaic
device presents strong advantages, such as simple preparation, light-
weight, flexibility and low-cost fabrication [1-5].

The use of pyrrolic small molecules, such as porphyrins or phtha-
locyanines, or even pyrrolic moieties on polymers backbones, in OPV,
has been quite widely studied since such molecules are among the most
efficient electron-donor materials in bulk heterojunction (BHJ) OPV
[6-8]. Compared with the polymeric counterparts, small molecules are
synthesized with accurate molecular weight, better-defined structures
and better reproducibility and are easier to purify [9-11].

In contrast to other pyrrolic compounds, the boron dipyrromethene
(BODIPY) dyes have not been studied with the same consistency by the
OPV community. In addition to their molecular versatility (as they can
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be functionalized at all positions of the core), BODIPY dyes have great
potential to be applied in OPV since they combine strong absorption
coefficient in the visible and near-IR ranges, relatively long excited-
state lifetime, good solubility in organic solvents, good photo and
thermal stability, suitable HOMO and LUMO energy levels to ensure
efficient charge separation upon blending with a fullerene acceptor,
extended n-electron delocalization and offer the possibility to increase
the m-electron delocalization by post-functionalization [8,12-17].
Herein we report the synthesis and assessment of the optical and
electrochemical properties of a series of highly fluorinated BODIPY
dyes. Highly fluorinated BODIPY dyes are expected to combine several
advantageous features, such as high stability and prominent spectro-
scopic properties. The fluorine atoms enhance the electron-acceptor
character of the moiety they are bound to [18]. This electron-with-
drawing effect of the fluorine atoms, move the HOMO and LUMO levels
down in energy, which could improve the open voltage circuit (Voc),
should the dye be used as electron-donor material. It was reported that
upon photoexcitation the charge density at the meso-position of BODIPY
dyes increases, while at the other positions of the BODIPY system it
decreases [19]. Based on this intrinsic asymmetry in the charge
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redistribution of excited BODIPY dyes, we designed D-n-A structured
BODIPY sensitizers in which a pentafluorophenyl group is introduced at
meso position, and electron-donating groups are introduced at the a-
pyrrolic position via the Knoevenagel condensation to generate styryl-
substituted BODIPY dyes. Among the few reported works using BOD-
IPYs derivatives as electron-donor species in OPV [20-29], to the best
of our knowledge, this is the first work reporting this type of D-m-A
structured BODIPY chromophores with a pentafluorophenyl group in-
troduced at the meso position. With the introduction of distyryl moieties
(phenyl, naphthyl or anthracyl groups) we found a significantly broad
absorption spectrum, improving the light-harvesting ability in the en-
tire sunlight region and a decrease of the HOMO-LUMO energy-gap
(Eg). The photophysical and electrochemical properties of these dyes
were deeply studied, revealing the relationships between the structures
and the photovoltaic characteristics and results. The synthesized
BODIPY were used as electron-donor materials in blends with either
PCsoBM or PC;oBM, and the photovoltaic performance of the cells and
the morphology of the films were investigated in detail.

2. Experimental
2.1. Materials and reagents

Reagents and solvents were obtained from Sigma-Aldrich and used
without further purification. Solvents for photophysical studies were
HPLC grade (CHROMASOLV plus) purchased from Sigma-Aldrich.
Analytical thin layer chromatography (TLC) was performed on Merck
silica gel plates with F-254 indicator. For visualization, a twin wave-
length ultraviolet lamp (254 and 365 nm) was used. Silica gel column
chromatography was carried out with silica gel (230-400 mesh) from
Fluka.

2.2. Equipments

'H, '°F and '3C spectra were recorded on a Bruker AVANCE IIl NMR
(operating at 400.15MHz for proton, and 100.63MHz for carbon
atoms) NMR spectrometers with TMS as the internal reference and
CDCl; as solvent. Chemical shifts (§) are quoted in ppm relative to TMS.
Coupling constants (J) are presented in Hz. Electronic absorption
spectra were recorded on a Jasco V-530 double-beam UV/Vis spectro-
meter, using 1cm path length quartz cells. Steady-state fluorescence
studies were carried out using a Horiba-Jobin-Yvon SPEX Fluorolog
3-22 spectrometer. Fluorescence spectra were made by using optically
dilute solutions and were automatically corrected for the wavelength
response of the system. UV-Vis spectra films were measured with a
Helios Gamma spectrophotometer. Cyclic voltammetric (CV) measure-
ments for dyes were carried out with a computer controlled Ivium
Compact Stat, in a one-compartment three electrode system consisting
of a glassy carbon electrode (GCE) (geometric area 0.00785cm?)
working electrode, a platinum wire as counter electrode and an Ag/
AgCl (3 M KCl) as reference electrode at a scan rate of 50 mV s~L. The
supporting electrolyte was tetrabutylammonium tetrafluoroborate
(TBATFB, 0.1 M) in anhydrous dichloroethane (CH,Cl,). The results
were calibrated using a 1 mM ferrocene/ferrocenium (Fc/Fc+) redox
couple as internal standard. CV experiments were carried out using
1 mM concentrations of each BODIPY studied. UV/Vis absorption
spectra of the films were recorded in a Cecil 7200 spectrophotometer.
Thermogravimetric analyses (TGA) were conducted under a dry ni-
trogen gas flow at a heating rate of 20 °C/min on a Parkin-Elmer STA
6000 instrument. Differential scanning calorimetry analyses were con-
ducted on Netzsch DSC 200F3 instrument. Film thicknesses were
measured with a Dektak 6 M profilometer. AFM studies were performed
on a Nano Observer from Concept Scientific Instruments (LesUlis,
France), operating in noncontact mode, with cantilevers having a re-
sonance frequency between 200 and 400 kHz and silicon probes with
tip radius smaller than 10 nm. High resolution ESI positive mode mass
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spectra were obtained on a QqTOF Impact I[I™ mass spectrometer
(Bruker Daltonics) operating in the high-resolution mode. Samples were
analysed by flow injection analysis (FIA) using an isocratic gradient 30
A:70 B of 0.1% formic acid in water (A) and 0.1% of formic acid in
acetonitrile (B), at a flow rate of 10 pLmin-1 over 15 min. The TOF
analyser was calibrated in the m/z range 100-1500 using an internal
calibration standard (tune mix solution) which is supplied from Agilent.
The full scan mass spectra were acquired over a mass range of
100-1350 m/z at a spectra rate of 1 Hz.

2.3. OPV manufacture and characterization

The photovoltaic devices were prepared on glass substrates coated
with 100 nm thick Indium—Tin-Oxide (ITO). They were cleaned under
ultrasound with distilled water and a non-ionic detergent, followed by
distilled water, acetone, isopropyl alcohol and then dried under N,
flow. The ITO surface was then cleaned under UV-oxygen plasma for
3 min prior to depositing, by spin coating, a 40 nm thick layer of poly
(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS)
(Clevios P VP. Al 4083, from Heraeus) which was then dried on a hot
plate at 125 °C for 10 min. The solutions of the blends were spin-coated
(1300 rpm, 60 s) on top of PEDOT:PSS in air. The thickness of the blend
films was measured with a profilometer (DEKTAK 6 M). Following the
deposition of the active blend films, Ca (20 nm) and Al (80 nm) were
thermally evaporated on top, under a base pressure of 10~ ® mbar, de-
fining a device area of 0.24 cm® The current-voltage characteristics of
the photovoltaic cells were measured under inert atmosphere (N5) using
a Keithley 2400 source-measure unit. The curves under illumination
were measured with a solar simulator with simulated AM1.5G illumi-
nation at 85-93 mW/cm? (Oriel Sol 3 A, 69920, Newport). At least 16
devices of each condition were prepared. The light intensity of the solar
simulator was verified using a calibrated solar cell. External quantum
efficiency (EQE) spectra were obtained under short-circuit conditions,
using a homemade system with a halogen lamp as light source.

2.4. Synthesis

2.4.1. Synthesis of BDP1

BDP1 was prepared according to procedures described previously,
using pentafluoro benzaldehyde and 3-ethyl-2,5-dimethyl-pyrrole as
starting reagents [30]. 'H NMR (400 MHz, CDCl;) (ESI Fig. S1) &
(ppm): 2.54 (s, 6H), 2.33 (q, J = 7.6 Hz, 4H), 1.51 (s, 6H), 1.02 (t,
J =7.6 Hz, 6H "°F NMR (376 MHz, CDCl;) (ESI Fig. S2) § (ppm):
139.23 (m, 2F), 145.74 (m, 2F), 151.11 (m, 1F), 159.89 (m, 2 F); *3¢C
NMR (100 MHz, CDCl3) (ESI Fig. S3) 8 (ppm): 156.15; 144.2 (d,
J = 250.52 Hz); 141.94 (d, J = 262 Hz); 138.19 (d, J = 257.86 Hz);
136.58; 133.91; 130.36; 121.16; 110.32 (td, J = 19.44, 4.03 Hz);
17.09; 14.54; 12,74 (t, J = 2.57 Hz); 10.85. Elemental Analysis Cal-
culated for C,3H,,BF;N,: C,58.75; H, 4.72; N, 5.96; Found: C,58.81; H,
4.72; N, 5.65;

All the following BODIPY synthesis procedures were based on some
reported work [19,31-34], but due to the strong capability to suffer
nucleophilic substitution at para position of pentafluorophenyl moiety
they were optimized as described below.

2.4.2. Synthesis of BDP2

BDP1 (250 mg; 0.54 mmol), 12.5mg of p-TsOH.H,0, 0.55mL of
benzaldehyde (5.5mmol) and 0.50 g of 4 A molecular sieves were
added to a 50 mL round-bottom flask. The round-bottom flask was then
degassed and refilled with N, three times followed by the addition of
15mL of toluene and 0.25 mL of piperidine, and this mixture was re-
fluxed for 2h. The mixture was washed with water several times, the
organic phase solvent was removed under vacuum, and the obtained
solid was purified by column chromatography on silica gel eluting with
DCM-hexane (v/v 1:1) and preparative TLC using DCM-hexane (v/v
4:6). BDP2 (109 mg; 31% yield) was obtained as deep-blue solid.
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BDP2: '"H NMR (400 MHz, CDCls) (ESI Fig. S4) § (ppm): 7.77 (d,
J = 16.8Hz, 2H), 7.64 (d, J = 7.6 Hz, 4H), 7.42 (t, J = 7.6 Hz, 4H),
7.38-7.28 (m, 4H), 2.66 (q, J = 7.6 Hz, 4H), 1.57 (s, 6H) 1.21 (t,
J = 7.6 Hz, 6H); "F NMR (376 MHz, CDCl3) (ESI Fig. S5) § (ppm):
—138.63 to —138.77 (m, 2F), —138.96 (dd, J = 66.4, 33.2 Hz, 2F),
—150.78 (t, J = 20.6 Hz, 1 F), —159.55 to —159.80 (m, 2 F); 13C NMR
(100 MHz, CDCl) (ESI Fig. S6) & (ppm): 152.07; 137.34; 137.09;
134,97; 132.82; 129.05; 128.84; 127.82; 127.58; 119.73; 29.71; 18.42;
14.06; 10.72. HRMS (ESI Fig. 518) m/z [M + H]" calculated for
Cs7HaoBF,N, *: 647.2463; Found: 647.2469.

2.4.3. Synthesis of BDP3

BDP1 (200 mg; 0.45mmol), 10mg of p-TsOH.H,O, 0.7 g of 2-
naphthaldehyde (4.5 mmol) and 0.50 g of 4 A molecular sieves were
added to a 50 mL round-bottom flask. The bottle was then degassed and
refilled with N, three times followed by the addition of 15 mL of to-
luene and 0.25 mL of piperidine, and this mixture was refluxed for 2 h.
The mixture was washed with water several times, the organic phase
was evaporated, and purified by column chromatography on silica gel
eluting with DCM-hexane (v/v 1:1) and preparative TLC using DCM-
hexane (v/v 4:6). BDP3 (67 mg; 36%) was obtained as a deep-blue
solid.

BDP3: '"H NMR (400 MHz, CDCl,) (ESI Fig. S7) § (ppm): 7.98-7.82
(m, 12H), 7.55-7.46 (m, 6H), 2.72 (q, J = 7.7 Hz, 4H), 1.60 (s, 6H)
1.30-1.24 (m, 6H); *°F NMR (376 MHz, CDCl;) (ESI Fig. S8) 8 (ppm):
—138.55 to —139.00 (m, 4 F), 150.76 (t, J = 20.6 Hz, 1 F), 159.69 (dt,
22.5, 6.9 Hz, 2F)); *C NMR (CDCl;) (ESI Fig. S9) 8 (ppm): 152.05;
137.47; 137; 06; 135.15; 134.72; 133.80; 133.02; 128.60(d; 4.03 Hz);
128.38(d; 4.03 Hz); 127.83; 126.66; 126.53; 123.78; 120.00; 29.71;
18.52; 14.12; 10.74; HRMS (ESI Fig. S19) m/z [M + H] * calculated
for C4sH34BF;N,*: 747.2776; Found: 747.2778.

2.4.4. Synthesis of BDP4

BDP1 (200 mg; 0.45 mmol), 10 mg of p-TsOH.H»0, 1.4 g of 9-an-
thracenecarboxaldehyde (9 mmol) and 0.50 g of 4 A molecular sieves
were added to a 50 mL round-bottom flask. The round-bottom flask was
then degassed and refilled with N, three times followed by the addition
of 15mL of toluene and 0.25 mL of piperidine, and this mixture was
refluxed for 2 h. The mixture was washed with water several times, the
organic phase was separated, and the solvent evaporated. The obtained
solid was purified by column chromatography on silica gel eluting with
DCM-hexane (v/v 1:1) and preparative TLC using DCM-hexane (v/v
4:6). BDP4 (60 mg; 19%) was obtained as a deep-blue solid.

BDP4: 'H NMR (400 MHz, CDCl;) (ESI Fig. S10) 8 (ppm):
8.45-7.37 (m, 6H), 8.32 (d, J = 17.00 Hz, 2H) 7.43-7.32 (m, 6H), 2.83
(g, J = 7.7 Hz, 4H), 1.68 (s, 6H), 1.33 (t, J = 7.7 Hz, 6H); '°F NMR
(376 MHz, CDCl;) (ESI Fig. S11) § (ppm): —138.20-138.80 (m, 4F),
150.54 (t, J = 20.6 Hz, 1F), 159.50 (dt, 21.2, 6.9 Hz, 2F); '>C NMR
(CDCl;) (ESI Fig. S12) & (ppm): 151.99; 137.29; 135.28; 134.60;
132.96; 132.08; 131.44; 129.71; 128.70; 127.76; 126.22; 125.70;
125.26; 29.71; 18.60; 14.61; 10.89; HRMS (ESI Fig. S20) m/z
[M + H] * calculated for Cs3H3gBF,N,*: 847.3089; Found: 847.3102.

3. Results and discussion
3.1. Synthesis and structural characterization

BDP1 was chosen as reference for this work since its penta-
fluorophenyl substituent is a strong electron-acceptor moiety which
affects, albeit lightly, its photophysical and electronic properties, at
variance with BODIPY having some other meso substitution groups
[35,36]. To the best of our knowledge no OPV cell studies were done
with BODIPYs with this sort of acceptor moieties. The phenyl, naphthyl
or anthracyl groups were attached by the Knoevenagel condensation
reaction, catalysed by piperidine and p-toluenesulfonic acid (Scheme
1). This kind of reaction on BODIPYs can exceed 48 h of reaction time
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and normally does not have high yields but in our case the reaction time
did not exceed 2 h until all the BDP1 had been consumed. This is due to
the strong electron-withdrawing feature imposed by the pentafluore
fraction, which facilitates deprotonation of the methyl group at the a-
position of pyrrolic groups [33].

All prepared BODIPY derivatives exhibit good solubility in common
organic solvents such as dichloromethane, chloroform, di-
chlorobenzene, THF, and ethanol. The structure and the purity of the
compounds was evaluated by 'H, '°F and '3C NMR. The coupling
constants for the olefinic hydrogens in BDP2-4 is around 17 Hz, in-
dicative of the trans stereochemistry of the olefin double bond.

The TGA and DSC techniques provide valuable information about
the thermostability of the BODIPY derivatives. The TGA curves of all
BODIPYs investigated are presented in Fig. 1, and the DSC curves are
shown in Fig. S14. In the DSC experiments, the dyes were heated from
25 to 350 °C and then cooled to 25°C, at a rate of 10°C/min under
nitrogen flow. The endothermic peaks for BDP1-4 are at 204 °C, 229 °C,
300°C, and 280 °C, respectively, which correspond to their melting
temperatures. These values are similar to the values obtained by a
melting point meter. Nevertheless, no exothermic peak is observed
during the cooling process. The decomposition temperatures obtained
from TGA curves, observed at 5% weight loss, are 256 °C, 285°C,
333°C, and 303 °C, respectively. These results confirm that all BODIPYs
exhibit high thermal stability, with high melting temperatures, which is
a good characteristic for OPV application.

3.2. Electronic absorption and photoluminescence

The normalized absorption spectra of BODIPY dyes (BDP1-4) in
solution are depicted in Fig. 2, and the matching optical data are pre-
sented in Table 1. As shown in Fig. 2 and in Fig. S13, the absorption
spectra of the studied BODIPYs, particularly of the functionalized ones
(BDP2-4), cover the visible and NIR regions of the solar spectrum,
which is a desired requirement for efficient organic photovoltaic cells.
The absorption spectrum of BDP1 is characterized by a strong S0—S1
(m-t*) transition at 544 nm with a higher energy vibronic shoulder at
about 30 nm from the main peak and a weaker broad band around
395 nm arising from the SO0—S2 (;-n*) transition. The BDP2-4 ab-
sorption spectra exhibit a higher broadening of the absorption bands
and a significant red-shift, compared with the absorption spectrum of
BDP1, evidencing the effect of stepwise expansion of the s-system due
to the attachment of the distyryl moieties. The first band, at around
300-450 nm, is assigned to a localized st-t* transition from the elec-
tron-donors fragments, such as phenyl, naphthyl and anthracyl. The
occurrence of this new absorption bands masks the weaker absorption
band attributed to the S0—S2 (w-n*) transition of the BODIPY core. The
absorption bands at lower energy (at around 500-775 nm) is attributed
to a SO—S1 (-r*) transition. The broadening and the lack of structure
of the band attributed to a SO—S1 transition of BDP4 could be explained
by a torsional motion around an equilibrium configuration [37].

All these dyes show high molar absorption coefficients in di-
chloromethane solution, ranging from 2.1 to 1.0 X 10° M~ 'em ™,
which confirms their excellent light harvesting ability.

The film absorption spectra show a clear bathochromic shift of the
absorption maximum with considerable broadening of the peaks. The
red shift and broadening relative to solution spectra are likely the result
of strong n-n stacking of adjacent molecules, leading to strong inter-
molecular interactions and a planarization of the system, Fig. 2 (B).

Considerable fluorescence was observed in dichloromethane solu-
tions of BDP1-4 at room temperature (Fig. 2). The wavelengths at
maximum emission are presented in Table 1, and the small Stokes shift
is indicative of a reduced geometry reorganization between S1 and SO0.
Excitation of these compounds at their respective three absorption
bands at room temperature resulted in the same emission wavelength
band.
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Scheme 1. The synthesis of the distyryl-BODIPY derivatives and their respective yields.
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Fig. 1. TGA curves of BDP1-4 recorded at a heating rate of 20 °C/min under
nitrogen atmosphere.

3.3. Electrochemical properties

Cyclic voltammetry (CV) was used to study the electrochemical
properties of the BODIPY dyes using 0.1 M TBATFB in dichloroethane
as supporting electrolyte. The values of potential were standardized
with ferrocene/ferrocenium (Fc/Fc*) couple as internal reference vs.
Ag/AgCl and it is assumed that the redox potential of Fc/Fc* has an
absolute energy level of —4.80 eV in relation to vacuum. Dyes solutions
were degassed with N5 for 5 min before carrying out the CV measure-
ments. The cyclic voltammograms of BDP 1-4 are shown in Fig. 3 and
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Table 1
Photophysical properties of BDP1-4.
Entries A (nm)* € (em ' A™ (m)” AT (nm)® Av(em ') Eg (eV)
MY (onset)”
BDP1 544 5.0 x 10* 551 559 493 2.19
BDP2 661 6.4 x 10 694 678 380 1.80
BDP3 681 1.0 x 10° 725 697 337 1.73
BDP4 648 21 x10* 678 690 940 1.70

E; = estimated from the absorption spectra onset of dyes in CHyCl,.
2 In CH,Cl, solution.
® In film.

the electrochemical data is summarized in Table 2. As shown in Fig. 3,
the cyclic voltammograms of the compounds exhibited a quasi-re-
versible profile and the first oxidation potential (onset oxidation po-
tential) was used to estimate the HOMO energy level.

The oxidation potential of the parent compound, BDP1, is slightly
higher than that of the derivatives BDP2, BDP3 and BDP4 (Table 2).
The onset oxidation potential from derivative compounds shifts to a less
positive value accompanied by a peak current increase confirming that
the functionalization did indeed induce a stronger electron-donor
character to the new compounds. It is also observed that the different
distyryl moieties (phenyl, naphthyl and anthracyl) did not have a
pronounced shifting effect on the oxidation potentials. The dyes’ HOMO
and LUMO energy levels calculated from the electrochemical experi-
ments and upon combination of the optical properties, respectively, are
both above the HOMO and LUMO energies of PCg,BM and PC,¢BM, the
electron-acceptor species selected to blend with the BODIPY dyes
(Scheme 2) [38]. This means that the dye-fullerene combination forms
a type II heterojunction, a feature that is essential to promote exciton
dissociation at the donor (BODIPY species) and the acceptor (fullerene
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Fig. 2. Normalized absorption spectra of BODIPY series in CHxCl, solution (A) and comparison of normalized absorption, emission spectra of BDP3 in CHxCl,

solution and the normalized absorption in quartz film (B).
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Fig. 3. Cyclic voltammograms of BDP1-4, at GCE in CH,Cl, solution, con-
taining 0.1 M TBATFB and 1 mM of the different BODIPY compounds in the
presence of 1 mM ferrocene/ferrocenium (Fe/Fet) as internal standard, re-
corded at 50 mVs~ ! in deoxygenated solution (Ny).

species) interface. The difference in electron affinities creates a driving
force at the interface between the two materials that is strong enough to
separate the photogenerated excitons into charge carriers [2,39,40].
The constant increase of the HOMO level and the decrease of the LUMO
level from BDP1 to BDP4 is a strong indication that the increase of
aromaticity and donor ability from phenyl to anthracyl affects the op-
tical electronics properties of the compounds. These results clearly
demonstrate that these BODIPY dyes can be combined with either
PCgoBM or PC;oBM to prepare organic solar cells.

3.4. Performance of the solar cells

All the presented BODIPYs show important properties such as:
strong absorbance in the visible and NIR region of the solar spectrum,
good solubility in organic solvents and suitable HOMO and LUMO en-
ergies to work as donor materials in a heterojunction with PCq,BM or
PC7oBM in solar cells.

The solution processed bulk heterojunction organic photovoltaic
cells were manufactured with the following structure ITO/PEDOT:PSS/
active layer/Ca/Al. Firstly, the studied active layer was composed by
BODIPY and PCgBM (electron-acceptor material). The PEDOT:PSS
layer was spin-coated at 1800 rpm and dried for 10 minat a tempera-
ture of 125°C to obtain a film thickness of about 40 nm.

To achieve the best power conversion efficiency (PCE) several op-
timization procedures, such as the donor:acceptor mass ratio, thermal
annealing, thickness, solvent and blend solution concentration were
investigated (Table S1).

The optimized BODIPY:PCsoBM blend had a weight a ratio of 1:3,
deposited by spin-coating at 1200-1300 rpm from a chloroform solu-
tion at 15mg/ml, and thermally annealed of 100 °C for 10 min. This
combination of condition led to active layers below 100 nm thickness.

The photovoltaic performance parameters are summarized in
Table 3. Fig. 3 (A) shows the current-voltage (J-V) characteristics of the
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Scheme 2. Frontier orbital energy levels of the synthesized BODIPYs and the
fullerenes derivatives PC,BM and PC;oBM.

best performing solar cells. For the optimized conditions, the best PCE
values were obtained for BDP3 (1.05%) followed by BDP2, BDP4 and
BDP1. The lower PCE value for BDP1 was expected due to the higher
HOMO-LUMO energy gap, consistent with light absorption at shorter
wavelength of the visible spectrum. The other 3 BODIPYs exhibit
higher efficiencies, combining high short-circuit current (J;.) and high
open-circuit voltage (V,.). Despite the relative low PCE values, the
functionalized BODIPYs (BDP2-4) showed very reasonable V,, values,
compared with other BODIPY derivatives and even among various
electron-donor materials [6,28,41]. The J,. and FF values are related to
light harvesting ability, recombination and charge transport and col-
lection. Since the proposed BODIPY dyes present high absorption
coefficients and broad absorbance in a favourable range of the spec-
trum, the low Jg. and FF values of this system could be due to a sub-
optimal active layer morphology and/or to a poor charge transport. The
PCE increases from the phenyl to naphthyl substitution (BDP2 to
BDP3) but then drops when the substituent size and x system extension
increases with anthracyl substitution (BDP4). The highest photovoltaic
efficiency of BDP3 can be due to the highest absorption coefficient and
to the fact that is the BODIPY that has the absorption bands more
shifted to the infrared. BDP4 is the worst performing dye among the
functionalized BODIPYs. The anthracyl is more aromatic than naphthyl
but, due to its size, makes communication between the BODIPY moiety
and the PCBM acceptor more difficult, could lead to aggregate forma-
tion and, as Table 1 and Fig. 2 show, it has broader absorption bands
but with lower intensity.

PCgoBM is the most commonly used electron-acceptor material for
OPV [42]. However, the low absorption of PCg,BM in the visible range
is a handicap. PC;oBM has advantages over PCq(,BM, since it shows
stronger absorption in the visible region of the spectrum. We, therefore,
have also studied the photovoltaic performance of the functionalized
BODIPYs with PC,BM.

Results are summarized in Table 3, confirming the positive effect of
replacing PCgoBM by PC;,BM. BDP2-based solar cells exhibit more than
twice the current density and the PCE value improved by more than 5
times. For BDP3-based cells an improved efficiency is also observed.
The use of PC;oBM had, instead, a residual incremental effect on the
PCE of BDP4 cells. The Vo of the better cell system is only a few

Table 2

Electrochemical properties of BDP1-4.
Entries Erea' (V) Eoe! (V) Eox® (V) Eonser™ (V) Eonset™ " (V) Eg* (eV) Enomo (eV) Erpmo (eV)
BDP1 -0.97 1.35 1.53 1.21 0.51 2.19 —-5.50 -3.31
BDP2 —-0.66 1.08 1.41 0.91 0.53 1.80 —5.18 —-3.38
BDP3 —-0.59 1.03 1.43 0.89 0.53 1.73 —5.16 —-3.43
BDP4 -0.56 1.05 1.23 0.87 0.53 1.70 —5.14 —3.44
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Table 3
Photovoltaic parameters of the optimized BDP:PCs,BM and BDP:PC;¢BM cells.
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BODIPY Donor:Aceptor ratio (w/w) Active layer thickness (nm) Jsc (mA/cm?) Voc (V) FF PCE (%) max/avg”
BDP1 PCgoBM 1:3 87 0.13 0.37 0.27 0.01 (0.01)
BDP2 1:3 97 1.76 0.68 0.24 0.34 (0.29)
BDP3 1:3 96 3.86 0.84 0.29 1.05 (0.99)
BDP4 1:3 62 1.40 0.69 0.24 0.27 (0.27)
BDP2 PC;,BM 1:3 89 4.58 1.00 0.31 1.74 (1.64)
BDP3 1:3 81 5.88 0.93 0.29 1.87 (1.81)
BDP4 123 104 1.41 0.76 0.26 0.30 (0.29)
BDP3 1:1 127 5.03 0.78 0.30 1.33 (1.33)
BDP3 1:2 87 7.72 1.00 0.31 2.79 (2.55)

? Average values calculated from at least 8 devices.

hundredths of a volt lower than the highest in published work up until
now for this sort of compounds and the values are on par with the state-
of-the-art electron-donors.

BDP3 cells, which showed the better performance, were further
investigated, in particular by changing the ratio of the blend. The best
result was achieved with a BODIPY:PC,,BM ratio of 1:2, and resulted in
a big improvement in Jsc, and one of the best results for BODIPY-based
OPV cells (PCE of 2.79%).

These results, despite preliminary and still requiring to be extended
to all our compounds, illustrate the superior performance of the blend
with PC;oBM over the blend with PCgoBM, external quantum effi-
ciencies (EQEs) were determined for BDP3:PC,,BM and for
BDP3:PCgoBM-based cells (Fig. 4 (D)). As displayed, the EQE profiles
follow those of the blend films' absorption spectra. A broad response in
the 300-800 nm spectral region is observed for both systems, the higher
EQE of the PC,oBM-based cell being attributed to the larger PC,,BM

1A

24
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absorption in the visible region of the spectrum (Fig. 4 (C)).

3.5. Morphologies of the active layers

The morphology of the active layer (blend) is of great importance in
OPV since it influences exciton dissociation and charge transport,
thereby controlling the obtained photocurrent. Films of BDP2, BDP3
and BDP4 with PCg,BM and PC;(BM were characterized by AFM. As
shown in Fig. 5, all films present very flat surfaces. The root mean
squared (rms) roughness of the films of BDP2, BDP3 and BDP4 blended
with PCyoBM is slightly higher than the roughness of the corresponding
films of the blends with PCg,BM. In addition to the low roughness, no
significant phase separation is found (by the combination of topography
and phase images), evidencing good miscibility between the BODIPY
and the fullerenes, which is in general a requirement for efficient
photovoltaic cells. It should be kept in mind, however, that the surface

—+—BDP2 (1:3)
—+—BDP3 (1:3)
——BDP4 (1:3)

BDP3 (1:1)
—+—BDP3 (1:2)
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Fig. 4. Current density-voltage characteristics of BDP1-4:PCgoBM based OPV cells (A) and of BDP2-4:PC;oBM cells (B); absorption spectra (C) and EQE curves (D) of

the optimized BDP3:PC¢,BM and BDP3:PC;,BM systems.
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Fig. 5. AFM height images (top) and phase images (bottom) (2 pm vs 2 pym) of
BDP2, BDP3 and BDP4 blended with PCgoBM or PC;oBM.

topography may not represent the bulk morphology, and therefore it is
difficult to correlate the efficiency with the AFM results.

4. Conclusions

In summary, we report the synthesis of a series of BODIPYs dyes,
combining an electron-acceptor moiety at the meso position and an
electron-donor styryl moiety linked to the backbone. The extremely fast
reaction time, compared with the same synthesis procedure for other
BODIPYs, and the photo-electrochemical properties of these BODIPYs
(BDP2-4) makes them excellent donor material candidates for OPV
cells. The BODIPYs reveal excellent thermal stability, strong spectral
coverage, deep HOMO energy levels and good miscibility with PCgoBM
and PC,;oBM. All BODIPY dyes act as electron-donors in a
BODIPY:PC¢oBM blend but the corresponding solar cells exhibit effi-
ciencies around 1% or below. However, they present very reasonable
Voc values. When combined with PC;oBM, the cells showed a large
increase in their photovoltaic parameters. The maximum 2.79% PCE
obtained is a very encouraging efficiency value and the open circuit
current value (1.00) are amongst of the best achieved in OPV. We be-
lieve this could still be further enhanced, by optimization of the

109

Dyes and Pigments 168 (2019) 103-110

morphology and charge transport upon addition of additives or chan-
ging the contact layers. Such optimizations will be addressed in future
works. This work demonstrates that BODIPY are promising photo-
voltaic materials if carefully planned and tailored.
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