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Two electron rich Bodipy dyes with strong absorptivities in the visible region were designed and syn-
thesized as potential electron donors in bulk heterojunction photovoltaic constructs. Overall efficiency is
above 1%, with impressive responsiveness at both UV and near-IR ends of the visible spectrum. Com-
putational studies reveal an unexpected effect of meso-substituents on the electron transfer efficiency.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Bulk heterojunction (BHJ) organic photovoltaic (OPV) technol-
ogies are recognized as a promising alternative to traditional liquid
electrolyte based dye-sensitized solar cells (DSSCs) following the
improved conversion efficiencies during the last decade.1 In these
all-organic cells, electron donor/acceptor moieties are blended to-
gether in the photoactive layer and conductive polymers
(PEDOT:PSS/polyethylenedioxythiophene:polystyrene sulfonate)
are incorporated as replacement to inorganic semi-conductors.2

BHJ-OPV offers a promising modality towards solvent free, large
area, reducedweight, and environmentally friendly OPV constructs.

Common strategy for the fabrication of BHJ-OPV is to combine
fullerene derivatives as an electron acceptor (in most cases phenyl-
C60/61/70-butryic acid methyl ester; PCBM) with conjugated
polymers as electron donors.1c,2 Conjugated polymers, with their
high film forming qualities, resulted in moderate to high efficien-
cies.3 However, challenging synthetic problems, structural con-
cerns and purification problems generate a clear impetus to find
; fax: þ90 312 266 4365;
).
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substitutes for the polymeric component of the photovoltaic cell.
Another important issue with the polymers is their large optical
band gaps. This causes polymer to mostly absorb at high-energy
part of the electromagnetic spectrum within a very narrow wave-
length range. Thus, significant effort has been placed to find longer
wavelength absorbing polymers.4 On the other hand, as a reason-
able alternative, more suitable smaller molecules were also
employed as donors.5 Among the possible donor molecules, Bor-
adiazaindacene (also known as Bodipy)6 dyes appear to be prom-
ising candidates due to their tunable absorption spectra with high
extinction coefficients, multiple modification sites amenable for
derivatization, photostability, ease of synthesis and relatively long
excited state lifetimes.7 Bodipy dyes have been widely used in bi-
ological labeling and molecular sensors,8 as sensitizers for photo-
dynamic therapy,9 energy transfer cassettes and light harvesting,10

and in logic gates studies.11 Besides these applications, as a result of
their suitable characteristics, Bodipy dyes were also employed in
liquid electrolyte,12 solid state13 and BHJ-OPV14 solar cells.

In this work, we revisited the rich Bodipy chemistry and
designed two near-IR absorbing donor molecules (BHJ 1 & BHJ 2) to
investigate their photovoltaic performance in BHJ-OPV (Fig. 1). The
main goal was to obtain panchromatic sensitization by including
near-IR absorption.
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Fig. 1. Structures of sensitizers BHJ 1 & BHJ 2 and schematic representation of the BHJ-
OPV cell.

Fig. 2. (top) Electronic absorption and (bottom) emission spectra of BHJ 1 (red & blue)
and BHJ 2 (green & dark red) in CHCl3.
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2. Results and discussion

Our previous Bodipy sensitizers12d clearly showed that the ab-
sence of methyl groups on positions 1 and 7 has a positive effect on
extended conjugation and favors the electron transfer processes.
This is the result of smaller dihedral angle between meso-phenyl
moieties and the Bodipy core.

In the design of BHJ 1, we are not just removing those methyl
groups, but also linking the electron donor diphenylamino phenyl
moiety at meso position with a styryl unit in order to further im-
prove the conjugation and flexibility within the sensitizer. meso-
Phenyl substituted analogue of BHJ 2 was also studied to observe
the effect of structural modifications on efficiency of the donor. As
a final design requirement, additional diphenylamino phenyl
groups were incorporated at the 3 and 5 positions of the Bodipy in
both BHJ 1 & 2 to obtain near-IR absorbing dyes and stronger
electron donating sensitizers.

BHJ 1 and BHJ 2 were synthesized according to established
protocols. In the case of BHJ 1 standard Bodipy synthesis procedure
with acetyl chloride and 2-methyl pyrrole was applied. In the
synthesis of BHJ 2, another approach was taken, making use of the
reaction of diphenylaminobenzaldehyde and 2-methyl pyrrole.
Once the desired Bodipy cores were constructed, targeted com-
pounds were obtained by Knoevenagel condensation reactions in
the presence of piperidine and acetic acid.

Photophysical and electrochemical characterization data of the
sensitizers in solution are listed in Tables 1 and 2. Electronic ab-
sorption spectra (Fig. 2 top) of both dyes show strong and broad
(S0/S1) absorption bands in the red and near-IR region of the
spectrum with high extinction coefficients. As expected, extended
conjugation in BHJ 1 result in red-shifted peak centered around
748 nm. Very low fluorescence intensity (ffz1%) of BHJ 1 can be
attributed to the rotation of the double bond around the dihedral
axis in the excited state. More rigid BHJ 2 on the other hand, shows
Table 1
Photophysical characterization of BHJ 1 and 2

Dye labs/(nm)a εmax/(M�1 cm�1)a lems/(nm)a ff/(%)b

BHJ 1 748 37,000 755 1
BHJ 2 710 46,000 750 24

a Data were acquired in CHCl3.
b Reference compound: tetrastyryl dye 2 in Ref. 15 (ff¼42%) in CHCl3.

Table 2
Photophysical and electrochemical characterization of BHJ 1 and 2

Dye Eox/(V)a Ered/(V)a EHOMO/(eV)a ELUMO/(eV)a Eband gap/(eV)a

BHJ 1 0.60 �0.82 �5.00 �3.59 1.41
BHJ 2 0.58 �0.97 �4.96 �3.42 1.54

a Solutions were prepared in CHCl3 (10�3 M).
clear emission peak around 750 nm (Fig. 2 bottom) with moderate
fluorescence quantum yield (ffz24%).

Cyclic voltammetry data (CV) were acquired in chloroform
(10�3 M). A three-electrode cell was used consisting of glassy car-
bon supporting electrode, platinumwire counter electrode, and Ag/
AgCl reference electrode. Data were taken with ferrocene as the
internal reference electrode. CV spectra (Fig. 3) of sensitizers show
both reversible oxidation and reduction peaks (Table 2). The lowest
unoccupied molecular (LUMO) energy of BHJ 1 and BHJ 2 are�3.59
and �3.42 eV, respectively. LUMO energies of dyes are clearly
higher than the LUMO energy of PCBM (z�3.90 eV), which sug-
gests an efficient electron transfer from excited donor to acceptor
PCBM. Another remarkable result of the CV study is that the highest
occupied molecular orbital (HOMO) energy levels of the sensitizers
are deeper than the commonly used P3HT (poly(3-hexylthiophene-
2,5-diyl)) conjugated polymer16 suggesting an improved oxidative
stability for BHJ 1 and 2.
Fig. 3. Cyclic voltammograms of BHJ 1 (red) and BHJ 2 (blue).
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Film making properties and morphology of organic materials
are another important factors for organic photovoltaic devices. The
surface morphology of thin films of BHJ solar cells was investigated
by atomic force microscopy (AFM) in non-contact mode (see ESD).
AFM results show that BHJ 1makes more homogenous and thinner
film with less roughness.

Bulk heterojunction solar cells were fabricated with the device
architecture FTO/PEDOT:PSS/BHJ 1/2:PC61BM/Al (Fig. 1). The Bod-
ipy/PC61BM blend ratio was 1:2 for both sensitizers. First step of the
photovoltaic characterization was to acquire current/voltage plots
(Fig. 4 top). Device performances were characterized under AM
1.5 G condition with illumination intensity of 100 mW/cm2 using
a solar simulator (Table 3). BHJ 1 has higher overall conversion
efficiency (h¼1.50) with 7.00 mA/cm2 short-circuit photo-current
density (Jsc) than BHJ 2 (h¼0.36, Jsc¼2.86 mA/cm2).
Fig. 4. Top: Current versus voltage (J/V) plots of the sensitizers. Bottom: Incident
photon to current efficiency (IPCE) plots as a function of wavelength for Bodipy based
BHJ-OPVs.

Table 3
BHJ-OPV performance parameters of Bodipy dyes

Dye Voc
a/mV Jsc

a/mA cm�2 ffa ha/%

BHJ 1 680 7.00 0.31 1.50
BHJ 2 430 3.59 0.32 0.51

a Voc is the open-circuit voltage, Jsc is the short-circuit current, ff is the fill factor
and h is the overall conversion efficiency of the bulk heterojunction cell under AM
1.5 G condition with an illumination intensity of 100 mW/cm2 using a solar
simulator.

Fig. 5. Computed primary constituents of the S0/S1 excitation. This simplified picture
illustrates the excitation character of both blends.
Fig. 4 (bottom) represents the IPCE plots as a function of
wavelength. Curves for both sensitizers are essentially flat enough
between 350 and 800 nm to satisfy the panchromaticity goal. In
addition to that BHJ 1 has approximately 20% of incident photon to
current efficiency around 700 nm. This is a highly noteworthy re-
sult for such long wavelengths. IPCE plots are in correlationwith J/V
curves and thin film absorption spectra (see ESD), in which BHJ 1
has a better response. It is important to note that excited state
characteristics of dyes have direct influence on the electron transfer
efficiency. Significant emission of BHJ 2 (ffz24%) suggests
that fluorescence degradation pathways decrease the efficiency of
electron transfer from dye to fullerene. On the other hand, in the
case of almost non-emissive dye BHJ 1 (ffz1%) electrons in the
excited state might have mostly directed to the acceptor due to
restricted relaxation alternatives. This can be attributed as one of
the reasons for the overall conversion efficiency differences.

Further insight into somewhat different device performances of
BHJ 1 and BHJ 2 was obtained by theoretical studies. Our compu-
tations aimed to establish an electronic structure rationale for: (i)
Why excitation of the dye in the bulk yields photo-current gener-
ation? and (ii) What key features are responsible for the different
efficiencies of BHJ 1 and 2?

In accordance with the experimental blend ratio (2:1 for ful-
lerene/dye) we constructed the super-molecule depicted in Fig. 5
and carried a full geometry optimization. At the optimal
dyeefullerene distance (at a separation of 7 and 8�Ameasured from
the fullerene center for BHJ 1 and 2, respectively, see ESD) both
dyes undergo a Bodipy/Fullerene type of charge transfer (CT) as
shown in Fig. 5. The nearest distances of the dye planes to fullerene
are calculated to be 5.0 and 4.8�A for BHJ 1 and 2, respectively. The
analogous distance for the truncated system however is 3.3 �A,
which is in excellent agreement with the previously reported17

values around 3.5 �A for essentially planar dyes (Fig. 5). Thus the
meso-substituents on Bodipy that assume a non-coplanar ar-
rangement (Fig. S15), dictate a longer dyeefullerene distance than
the generally observed stacking distance of ca. 3.5 �A.
Themolecular orbitals participating in the excitation process are
clearly localized on the donor and acceptor moieties. This picture
perfectly correlates with the photo-induced electron transfer to the
fullerene, however different efficiencies of the dyes need
clarification.

A closer inspection of the structural properties of the two dyes
reveal that meso-substituents are situated at significantly different
dihedral angles (BHJ 1 35� vs BHJ 2 50�) with respect to the Bodipy
core (See ESD). This observation led us to study the effect of
proximity of fullerene to the Bodipy core on the excitation process.
Rotation of the meso-substituent (in the energetically allowed
regiondsee ESD) results in differences in dyeeFul. distance, which
remarkably effects the strength of CT as the oscillator strength
decreases ca. 20-fold upon departure of the acceptor (Fig. 6).
Density Functional calculations verify the dye/Ful. CT process and
suggest that the structural clash originating from the more twisted
meso-substituent in BHJ 2 is responsible for a decreased commu-
nication between donor and acceptor moieties eventually de-
creasing the device efficiency. Consequently, electronic structure
analyses reveal that an optimum dyeeacceptor distance (that could
be predicted by studying the computed oscillator strengths) is
another key parameter in enhancing the device efficiency and
synthetic strategies in designing substituents for tuning the core
properties of the dye should be shaped accordingly.



Fig. 6. Relative normalized oscillator strengths (f) in the S0/S1 excitation for different
dyeeFul. distances.
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3. Conclusion

In conclusion, bulk heterojunction photovoltaics clearly require
optimization of multiple parameters; electronic structure and bulk
properties of the donor compounds are both important. Consider-
ing the fact that Bodipy dyes show an impressive performance,
especially at the long wavelength region of the visible spectrum, it
is also evident that these versatile dyes are very promising candi-
dates as panchromatic dyes and electron donors.

4. Experimental

4.1. Materials

All chemicals and solvents obtained from suppliers were used
without further purification. Reactions were monitored by thin
layer chromatography using Merck TLC Silica gel 60 F254. Chroma-
tography on silica gel was performed over Merck Silica gel 60
(particle size: 0.040e0.063 mm, 230e400 mesh ASTM). Synthetic
pathways for all compounds are given in Fig. 7.
Fig. 7. Synthesis of BHJ 1 & BHJ 2.
4.2. Characterization

1H NMR and 13C NMR spectra were recorded at room temper-
ature on Bruker DPX-400 (operating at 400 MHz for 1H NMR and
100 MHz for 13C NMR) in CDCl3 with tetramethylsilane (TMS) as
internal standard. Coupling constants (J values) are given in Hertz
and chemical shifts are reported in parts per million (ppm). Split-
ting patterns are designated as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and p (pentet). Absorption spectra were
acquired using a Varian Cary-100 spectrophotometer. Fluorescence
spectra were determined on a Varian Eclipse spectrofluorometer.
Excitation slit was set at 5 nm and emission slit was set at 5 nm.
Mass spectra were recorded on Agilent Technologies 6530
Accurate-Mass Q-TOF LC/MS. Spectrophotometric grade solvents
were used for spectroscopy experiments.

4.3. Synthetic details

4.3.1. Synthesis of (1). To a 1 L round-bottomed flask containing
400 mL argon-degassed CH2Cl2 were added 2-methyl pyrrole
(8.41 mmol, 1.035 g) and acetyl chloride (3.5 mmol, 1.0 g). The re-
action mixture was refluxed overnight at 60 �C. 5 mL of Et3N and
5 mL of BF3$OEt2 were successively added and after 30 min, the
reaction mixture was washed three times with water (3�100 mL),
which was then extracted into the CH2Cl2 (3�100 mL) and dried
over anhydrous Na2SO4. The solvent was evaporated and the resi-
due was purified by silica gel column chromatography using CH2Cl2
as the eluant. Dark red solid (606.9 mg, 31%). 1H NMR (400 MHz,
CDCl3): d¼7.05 (d, J¼4.12, 2H), 6.35 (d, J¼4.12, 2H), 2.60 (s, 6H), 2.39
(s, 3H). 13C NMR (100 MHz, CDCl3): dC 156.7, 140.1, 135.0, 126.9,
122.3, 118.8, 118.7, 118.6, 15.2, 14.7. ESI-MS: m/z: calcd: 234.11399,
found: 234.11004 [M�H]þ, D¼16.8 ppm.

4.3.2. Synthesis of BHJ 1. (1) (0.43 mmol, 100 mg) and N,N-diphe-
nylaminobenzaldehyde (1.50 mmol, 204.68 mg) were added to
a 100 mL round-bottomed flask containing 50 mL benzene and to
this solutionwas added piperidine (0.5mL) and acetic acid (0.5mL).
Themixturewas heated under reflux by using a Dean Stark trap and
reaction was monitored by TLC (2:1 EtOAc/Hexane). When all the
starting material had been consumed, the mixture was cooled to
room temperature and solvent was evaporated. Water (100 mL)
added to the residue and the product was extracted into the CH2Cl2
(3�100 mL). Organic phase dried over Na2SO4, evaporated and
residue was purified by silica gel column chromatography using
(2:1 EtOAc/Hexane) as the eluant. Black solid (60 mg, %25). 1H NMR
(400 MHz, CDCl3): d¼7.70 (d, J¼16.32, 2H), 7.51 (d, J¼8.60, 4H), 7.49
(d, J¼1.24, 2H), 7.35e7.20 (m, 14H), 7.19e7.07 (m, 28H), 6.90
(d, J¼3.0, 2H). 13C NMR (100 MHz, CDCl3): dC 153.5, 149.3, 148.6,
147.2, 147.0, 140.6, 135.2, 135.1, 130.5, 129.7, 129.5, 129.4, 128.6,
128.5, 126.0, 125.2, 123.9, 123.6, 122.5, 122.2, 119.6, 117.8, 115.3 ppm.
ESI-MS: m/z: calcd: 999.42838, found: 999.43313 [M�H]þ,
D¼4.75 ppm.

4.3.3. Synthesis of (2). To a 1 L round-bottomed flask containing
400 mL argon-degassed CH2Cl2 were added 2-methyl pyrrole
(6.88 mmol, 0.56 g) and N,N-diphenylaminobenzaldehyde
(3.11 mmol, 0.85 g). One drop of TFA was added and the solution
was stirred under N2 at room temperature for 1 day. After addition
of DDQ (3.11 mmol, 0.76 g) to the reaction mixture, stirring was
continued for 30 min. 4 mL of Et3N and 4 mL of BF3$OEt2 were
successively added and after 30 min, the reaction mixture was
washed three times with water (3�100 mL), which was then
extracted into the CH2Cl2 (3�100 mL) and dried over anhydrous
Na2SO4. The solvent was evaporated and the residue was purified
by silica gel column chromatography using CH2Cl2 as the eluent
(0.61 g, 31%). 1H NMR (400 MHz, CDCl3): d¼7.39 (d, J¼8.82, 2H),
7.37e7.33 (m, 4H), 7.25e7.20 (m, 4H), 7.16 (d, J¼7.33, 2H), 7.11 (d,
J¼8.69, 2H), 6.87 (d, J¼4.12, 2H), 6.30 (d, J¼4.13, 2H). 13C NMR
(100 MHz, CDCl3): dC 156.6, 150.0, 146.9, 142.8, 137.0, 134.3, 131.8,
130.1, 129.6, 126.9, 125.6, 124.2, 120.6, 119.0, 14.8 ppm. ESI-MS:m/z:
calcd: 463.20313, found: 463.20355 [MþH]þ, D¼0.91 ppm.

4.3.4. Synthesis of BHJ 2. (2) (0.31 mmol, 145 mg) and N,N-diphe-
nylaminobenzaldehyde (0.94 mmol, 257 mg) were added to
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a 100 mL round-bottomed flask containing 50 mL benzene and to
this solutionwas added piperidine (0.3mL) and acetic acid (0.3mL).
Themixturewas heated under reflux by using a Dean Stark trap and
reaction was monitored by TLC (2:1 EtOAc/Hexane). When all the
starting material had been consumed, the mixture was cooled to
room temperature and solvent was evaporated. Water (100 mL)
added to the residue and the product was extracted into the CH2Cl2
(3�100 mL). Organic phase dried over Na2SO4, evaporated and
residue was purified by silica gel column chromatography using
(2:1 EtOAc/Hexane) as the eluant. Black solid (75 mg, %20). 1H NMR
(400 MHz, CDCl3): d¼7.75 (d, J¼16.20, 2H), 7.51 (d, J¼8.72, 4H),
7.48e7.31 (m, 16H), 7.27e7.21 (m, 4H), 7.20e7.10 (m, 20H), 6.95
(d, J¼7.56, 4H). 13C NMR (100 MHz, CDCl3): dC 154.1, 149.6, 148.6,
147.2,147.1, 147.0, 138.2,136.0,135.6, 131.2, 130.4, 130.3,129.6,129.4,
129.1, 129.0, 128.6, 127.5, 125.6, 125.5, 125.1, 124.2, 124.1, 124.0,
123.8, 123.7, 123.6, 123.4, 122.5, 123.3, 120.1, 117.7, 115.8 ppm. ESI-
MS:m/z: calcd: 973.41273, found: 973.41590 [M�H]þ, D¼3.25 ppm.
4.4. Electrochemistry of Bodipy dyes

CV measurement was taken by using CH-Instrument 660 B
Model Potentiostat equipment. Solution was prepared in chloro-
form (10�3 M). A three-electrodes cell was used consisting of Glassy
carbon working electrode, Pt wire counter electrode and Ag/AgCl
reference electrode, all placed in a glass vessel. Tetrabutylammo-
nium hexafluorophosphate (TBAPF6), 0.1 M, was used as supporting
electrolyte. Ferrocene was used as internal reference electrode.
HOMO/LUMO values were calculated according to literature.18
4.5. Bulk heterojunction device fabrication

Bulk heterojunction solar cells were fabricated in FTO/
PEDOT:PSS/Bodipy:PCBM/Al device configuration. A schematic il-
lustration of bulk heterojunction solar cell configuration is shown
in Fig. 1. Bulk heterojunction solar cell devices were prepared
according to following procedure. FTO glasses were cut into square
plates (2.5�2.5 cm). Fluorine-doped tin oxide (FTO) glasses were
patterned by etching with Zn dust and acid solution. All FTO glasses
were cleaned with acetone and ethanol for 10 min in ultrasonic
bath thenwith Helmanex soap for 20 min, after that distilled water
were used for cleaning, and again ethanol was employed and finally
dried by N2 purging. The Bodipy/PCBM was blended with a 1:2
blend ratio and was dissolved in chlorobenzene. PEDOT:PSS was
spincoated on FTO glasses in 1500 rpm. Then Bodipy/PCBM blend
was again spincoated on top of PEDOT:PSS layer. Finally, Al elec-
trode was thermally evaporated at 10�6 mbar vacuum pressure
through a shadow mask in the glove box.
4.6. Bulk heterojunction solar cell device characterization

The current densities versus voltages (IeV) characteristics of the
devices were measured with a source measurement unit Keithley
2400. The device performance were characterized under AM 1.5 G
condition with an illumination intensity of 100 mW/cm2 using
a solar simulator. A special mask was used to define active area of
each finger in the devices and measurements were carried out
using this special mask. Reproducibility of measurements was
checked for many times for the accuracy and precision.
4.7. Atomic force microscopy (AFM) images

AFM measurements were performed under ambient conditions
using a commercial scanning probe microscope in non-contact
mode. The AFM topographic images were processed using the XEI
program. AFM images were taken using Ambios Atomic Force Mi-
croscopy equipment.
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