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Conjugated systems built by connecting two electron-donor side-chains to a diketopyrrolopyrrole (DPP)
core have been synthesized and evaluated as donor material in heterojunction organic solar cells. The
effects of composition of the side-chain on the electronic properties of the conjugated system have been
analyzed on first series of compounds containing various combinations of benzofuran, benzothiophene,
thiophene and furan units. In a second series of compounds, the keto groups of DPP have been replaced
by one or two thioketo groups. Results of UV—vis absorption spectroscopy, fluorescence emission
spectroscopy and cyclic voltammetry show that the composition of the side-chain has little effect on the
HOMO and LUMO levels of the system, but strongly affects the sensitivity of the material toward thermal
treatment and thus indirectly the performances of the resulting solar cells. On the other hand,
Organic electronics replacement of the keto groups of DPP by thioketo ones leads at the same time to significant reduction of
Thiophene the band gap due to a decrease of the LUMO level, to a quenching of fluorescence and to dramatic
Furan decrease of the photovoltaic activity of the molecule.

Keywords:
Diketopyrrolopyrrole
Organic solar cell

Structure—properties relationships

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The possibility to develop low-cost, large-area photovoltaic
devices by means of low environmental impact technology has
generated a considerable current interest for organic solar cells
(0OSCs) [1—23]. During the past decade, a multidisciplinary research
effort has generated remarkable progress and power conversion
efficiencies (PCE) in the range of 6—8% have been reported for
solution-processed bulk heterojunction (BH]J) solar cells combining
fullerene derivatives as acceptor material and 7-conjugated poly-
mers as donor [5—8].

In spite of these performances, the variability of the molecular
weight and chain length distribution inherent to polydisperse
polymers results in batch-to-batch variations that represent
a possible source of problems for the reproducibility of the synthesis
and purification of the material and of the performances of the
resulting devices making quite difficult the analysis of
structure—properties relationships. An emerging alternative or
complementary approach involves the use of small molecules as
donor material in solution-processed BH] cells [9]. Molecular donors
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combine the advantage of unequivocal and reproducible chemical
structure thus allowing a more straightforward analysis of
structure—properties relationships [10]. In the past few years this
approach has generated much synthetic work and many new classes
of molecular donors have been synthesized and evaluated [9—23].
This effort has generated rapid progress and molecular BH] with PCE
in the range of 4.0—5.0% have been reported recently [21-23].

In this context, diketopyrrolopyrrole (DPP) has been a focus of
particular attention as building block for the design of various
classes of molecular or polymeric conjugated systems
[10,14,21,24—35]. In particular, a PCE of 4.40% has been reported for
a solution-processed BH] combining a DPP-based donor molecule
(BFT, Chart) and PC7;BM as acceptor [21].

We now report on a series of DPP-based systems designed as
donor material for OSCs. Two kinds of structural variations have
been considered. The effects of the side-chain composition has
been analyzed on BFT, BTT, BFF and BTF while the effects of the
modification of the DPP core has been investigated by replacing the
two keto groups of DPP by one (BFT-0S) and two (BFT-SS) thioketo
groups.

The synthesis of the new compounds is described and the effects
of structural variations on the electronic properties of the chro-
mophores are discussed in relation with preliminary results on the
performances of the resulting OSCs.
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2. Experimental
2.1. General

Solvents were purified and dried using standard protocols. 'H
NMR and 3C NMR spectra were recorded on a Bruker AVANCE
DRX 500 spectrometer operating at 300.1 and 75.4 MHz; 6 are
given in ppm (relative to TMS) and coupling constants (J) in
Hz. Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectra were recorded by a Bruker Biflex-III,
equipped with a N laser (337 nm). For the matrix, dithranol in
CH,Cl, was used. High resolution mass spectra were recorded
under FAB mode on a Jeol JMS 700 spectrometer. UV—visible
optical data were recorded with a Perkin—Elmer lambda 19
spectrophotometer. Thermal analyses were performed using
a DSC 2010 CE (TA Instruments). X-ray diffraction experiments
were carried out working in #—26 reflection mode using a Bruker
D500 diffractometer equipped with a speed detector Vantec. For
cyclic voltammetry (scan rate 100 mV cm™ '), the electrochemical

BFT-SS

apparatus consisted of a potentiostat EG&G PAR 273A and of
a standard three-electrode cell. As the working and counter
electrodes, a platinum foil and a platinum wire were used,
respectively, while as a reference an SCE electrode served as
reference.

2.2. Devices preparation and characterization

Fullerene C60 (99+%) was purchased from MER and used as
received. The Baytron suspension used to apply smoothing and hole
conducting/injecting layers was “Clevios P VP Al 4083” (HC Stark).
All thin film devices were prepared in laboratory conditions. As
electrodes, ITO coated glasses (10 Ohm/[], Kintec company) and
evaporated Al films (ca. 60 nm thick) were used. The ITO electrodes
were cleaned in ultrasonic baths and then modified by a spun-cast
layer of Baytron (40 nm thick), which was dried at 130 °C for
15 min. The Baytron suspension was stirred and filtered through
a 0.45 pm membrane (Minisart RC 15, Sartorius) just prior to
casting. A 100 nm thick layer of Al was thermally evaporated
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through a shadow mask, at a pressure of about 10~® mbar. The
mask geometry defined a device’s area of 0.28 cm? Each ITO
coated-glass substrate supported two individual devices and for
each experiment a minimum of 4 devices (8 cells) was fabricated.
After preparation, the devices were stored and characterized in an
argon glovebox (200B, MBraun). The J—V curves of the devices were
recorded in the dark and under illumination using a Keithley 236
source-measure unit and a homemade acquisition program. The
light source was an AM 1.5 Solar Constant 575 PV simulator
(Steuernagel Lichttecknik, equipped with a metal halogenide
lamp). The light intensity was measured by a broad-band power
meter (13PEMO001, Melles Griot). The devices were illuminated
through the ITO electrode side. The efficiency values reported here
are not corrected, neither for the possible solar simulator spectral
mismatch nor for the reflection/absorbance of the glass/ITO/Bay-
tron coated electrodes.

2.3. Synthesis

Compounds 2, 6 and BFT were synthesized as reported in the
literature [21].

3,6-Difuran-2-yl-2,5-dihydro-pyrrolo[3,4-c[pyrrole-1,4-dione (1)

Under inert atmosphere, 4.5 8.26 g of sodium [0.36 mol] and
a spatula tip of FeCls are added in 2-methylbutan-2-ol (90 mL). The
mixture is heated at 130 °C for 1 h. Then, 0.16 furan-2-carbonitrile
(14.9 g, 0.16 mol) and 1 eq of di-tertio-amylsuccinate, (24.7 g) are
introduced with an automated syringe (3 hours-10 mL/h). The
mixture is stirred 3 h at 130° C. the compound is precipitated by
adding an ice/methanol 3/1 (200 mL) mixture, filtered and washed
with methanol to give 10.9 g (51%) of 1. '"H NMR (DMSO-dg, ppm):
11.13 (s, 2H); 8.02 (sel, 2H); 7.65 (sel, 2H); 6.82 (sel, 2H). 3C NMR
(DMSO-dg, ppm): 161.6; 146.5; 144.1; 131.8; 116.3; 113.5; 107.9. IR
(cm™): 1645 (C=0); 3112 —N—H; MS (MALDI-TOF, M+*): calcd
:268.05, found: 268.50.

2,5-Bis-(2-ethyl-hexyl)-3,6-difuran-2-ylpyrrolo[3,4-c]pyrrole-1,4-
dione (3)

Under inert atmosphere, 3,6-difuran-2-yl-2,5-dihydro-pyrrolo
[3,4-c] pyrrole-1,4-dione 1 (10.8 g, 0.04 mol) 5 eq of 1-bromo-2-
ethylhexane and 4 eq of K>COs3 are suspended in 25 mL of dry
DMF. The mixture is heated at 130 °C and the reaction is monitored
by TLC. After cooling to rt, 400 mL of dichloromethane are added.
The organic phase is washed with water and dried over MgSO4.
After removal of the solvent, the residue is chromatographed on
silica gel (DCM/PE: 2/1) to give 13 g (66%) of 3. 'TH NMR (CDCls,
ppm): 8.33 (d, 2H, 3/ = 3.6 Hz); 7.61 (d, 2H, 3] = 1.8 Hz); 6.69 (dd,
2H, 3] = 1.8 Hz, 3] = 3.6 Hz); 4.06 (m, 4H); 1.5—1.6 (m, 2H); 1.2—1.4
(m, 16H); 0.8-10 (m, 12H); IR (cm™!); 1659 (C=O0);
2856—2925—-2957 (alkyl chains); 3112 (N—H); HRMS (M+-+): calcd
492.2983, found 492.2978.

2,5-Bis-(2-ethyl-hexyl)-3,6-di(2-bromofurane)-5-ylpyrrolo[3,4-c]
pyrrole-1,4-dione (5)

In the dark, at 0 °C, 2.2 eq of NBS are added to 2,5-bis-(2-ethyl-
hexyl)-3,6-difuran ylpyrrolo-2-[3,4-c] pyrrole-1,4-dione 3 (12.6 g,
25.6 mmol) in 100 mL of chloroform. The mixture is stirred under
inert atmosphere at rt 15 h. The reaction mixture is washed with
water 3 x 300 mlL, the organic phase is dried over MgSO4 and
filtered. After evaporation of the solvent, the residue is precipitated
with hexane to give 9 g (54% yield) of a violet powder. 'TH NMR
(CDCl3, ppm): 8.30 (d, 2H, 3] = 3.6 Hz); 6.62 (d, 2H, 3/ = 3.6 Hz);
3.99 (m, 4H); 1.5—1.6 (m, 2H); 1.2—1.4 (m, 16H); 0.8—1.0 (m, 12H).
13C NMR (CDCl3, ppm): 160.9; 146.2; 132.8; 126.3; 122.2; 115.5;

106.3; 46.3; 40.1; 30.5; 28.7; 23.8; 23.2; 14.1; 10.7. MS (MALDI-TOF,
M-+-+): calcd 650.12, found 682.10.

2,5-Bis(2-ethyl-hexyl)-3,6-bis(5-(benzofuran-2-yl)furan-2-yl)
pyrrolo[3,4-c]pyrrole-1,4-dione (BFF)

In a Schlenk under inert atmosphere, to a solution of 5 (0.2 g,
0.307 mmol) in 20 mL of toluene degassed with argon are added
successively 2.2 eq of 2-trimethylstannylbenzo[b]thiophene and
0.2 eq of Pd(PPh3)4. The mixture is heated 15 h at 120 °C under inert
atmosphere. After removal of toluene and dissolution in CHCl; the
target compound is precipitated with hexane to give 0.267 (75%) of
a blue-violet product. '"H NMR (CDCls, ppm): 8.5 (d, 2H,
3] =3.8Hz); 7.6 (d, 2H, 3] = 7.5 Hz); 7.5 (d, 2H, 3] = 7.5 Hz); 7.3 (m,
4H); 7.06 (d, 2H, 3] = 4 Hz); 7.05 (s. 2H); 4.15 (d. 4H, 3] = 7.6 Hz);
15-1.6 (m, 2H); 1.2—14 (m, 16H); 1.0-0.8 (m, 12H). °C NMR
(CDCl3, ppm): 161.0; 155.1; 148.3; 146.6; 144.7; 132.7; 128.3; 125.5;
123.58; 122.4; 121.4; 111.3; 111.3; 107.6; 103.8; 46.7; 39.6; 30.3;
28.5; 23.5; 23.2; 14.1; 10.5. HRMS (M+*): calcd 724.3507, found
724.3497.

2,5-Bis(2-ethyl-hexyl)-3,6-bis(5-(benzothiophen-2-yl )furan-2-yl)
pyrrolo[3,4-c]pyrrole-1,4-dione (BTF)

In a Schlenk under inert atmosphere, to a solution of 5 (0.2 g,
0.307 mmol) in 20 mL of toluene degassed with argon are added
successively 2.2 eq of 2-trimethylstannylbenzo[b]thiophene and
0.2 eq of Pd(PPh3)4. The mixture is heated 15 h at 120 °C under inert
atmosphere. After removal of toluene and dissolution in CH,Cl, the
target compound is precipitated with hexane to give 0. 235 g (47%)
of a blue-violet product. 'TH NMR (CDCls, ppm): 8.48 (d, 2H,
3] = 3.8 Hz); 7.8 (m, 4H); 7.56 (s, 2H); 7.35 (m, 4H); 6.90 (d, 2H,
3] = 3.8 Hz); 4.12 (d, 4H, 3] = 7.6 Hz); 1.5—1.6 (m, 2H); 1.2—1.4 (m,
16H); 0.8—1.0 (m, 12H). 13C NMR (CDCl3, ppm): 161.2; 152.0; 144.4;
140.0; 132.8; 131.7; 131.0; 128.9; 125.4; 125.1; 124.1; 122.9; 122.4;
121.0; 110.9; 46.8; 39.5; 30.4; 28.6; 23.5; 23.3; 14.1; 10.6. HRMS
(M++): calcd 756.3055, found 756.3029.

2,5-Bis(2-ethyl-hexyl)-3,6-bis(5-(benzothiophen-2-yl)thiophen-
2-yl)pyrrolo[3,4-c|pyrrole-1,4-dione (BTT)

In a Schlenk under inert atmosphere, to a degassed toluene
solution of 6 (0.2 g, 0.29 mmol) are added 2.2 eq of 2-
trimethylstannylbenzo[b]thiophene and 0.2 eq of Pd(PPhs)s were.
The mixture is heated 15 h at 120 °C. After evaporation of toluene
and dissolution in methylenechloride the product is precipitated
with hexane. Chromatography on neutral alumina (DCM/Hex: 2/1)
gave 48% of the target compound. 'H NMR (CDCls, ppm): 8.96 (d,
2H, 3] =4 Hz); 7.79 (m, 4H); 7.55 (s, 2H); 7.43 (d, 2H, 3] = 4 Hz); 7.36
(m, 4H); 4.07 (dd, 4H, 3] = 3.3 Hz, 3] = 7.7 Hz); 1.50—1.60 (m, 2H);
1.20—1.40 (m, 16H); 0.80—1.0 (m, 12H); '*C NMR (CDCl3, ppm):
161.6; 150.8; 142.6; 140.1; 135.8; 134.4; 129.2; 125.3; 125.0; 123.9;
122.2; 121.4; 121.4; 114.7; 108.7; 46.1; 31.9; 28.6; 23.7; 23.1; 22.7;
14.1; 10.6; HRMS (M++): calcd 811.2491, found 811.2492.

2,5-Diethylhexyl-3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-
pyrrolo[3,4-c]pyrrole-1,4-dithione (BFT-SS)

A mixture of BFT (100 mg, 0.13 mmol) and Lawesson’s reagent
(220 mg, 0.53 mmol), in 30 mL of anhydrous toluene is refluxed
overnight under argon. After concentration, the residue is choma-
tographed on silica gel (eluent dichloromethane/petroleum ether:
2/1) to give to a black solid, which is recrystallized from ethanol
(50 mg, yield = 50%). M.p. 201—202 °C. '"H NMR (300 MHz, CDCl3):
8.96 (d, 2H, | = 4.0 Hz); 7.62—7.51 (m, 6H); 7.37—7.24 (m, 4H), 7.09
(s, 2H), 4.59—4.57 (m, 4H), 1.86—1.82 (m, 2H), 1.25—1.19 (m, 16H),
0.82—0.77 (m, 12H). '*C NMR (300 MHz, CDCl3): 176.7, 155.0, 149.9,
143.4, 139.0, 135.3, 128.8, 126.9, 125.7, 125.4, 124.5, 123.5, 121.2,
111.3, 103.8, 48.5, 38.6, 30.2, 28.4, 23.6, 22.9, 13.9, 10.7. MS MALDI:
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789.0 [M*+]. HRMS m/z: [M"] calcd for C46H4gN20,S4: 788.2593,
found 788.2593. [M*Na]" calcd for C4gH4gN>0,NaSs: 811.2490,
found 811.2489.

2,5-Diethylhexyl-3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-
pyrrolo[3,4-c]pyrrole-1,4-dionothione (BFT-0S)

This compound was isolated from the same reaction medium
(20 mg, yield 20%), and purified by silica gel chromatography using
the same eluting conditions. The limited stability of this compound
did not allow its proper characterization by NMR. MS MALDI: 773.0
[M*+]. HRMS m/z: [MTH]" calcd for C46H49N203S3: 773.2899, found
773.2904.

3. Results and discussion
3.1. Synthesis

The target compounds have been synthesized by condensation
of a dialkylsuccinate with a cyanoaryl compound. An analysis of the
reaction conditions has shown that the use of a sterically
demanding branched alkyl chain leads to better results. Therefore,
the diisoamyl succinate prepared in 90% yield using a known
procedure [36] has been used for the synthesis of compounds 1 and
2 in 73 and 51% respectively (Scheme 1). In order to ensure the
solubility of the final compounds, alkylation of the two nitrogen
atoms of DPP was achieved using the appropriate bromo-alkane in
the presence of cesium carbonate to give compounds 3 and 4 in 66
and 31% yield respectively. Bromination of the resulting tricyclic
compounds with NBS in chloroform gave the corresponding
dibromo-compounds 5 and 6 (54 and 43% yield). Coupling of

/ §<
o o
o) ?o
Li
e} HO 0
BRad.

BFF
BFT -—
BTF iv)
BTT

BFT —
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compounds 5 and 6 with the Stille reagent of benzothiophene or
benzofuran gave the target compounds in 50—70% yield.

The thioketo (BFT-0S) and dithioketo (BFT-SS) compounds were
isolated in 20 and 50% yield by reaction of BFT with the Lawesson
reagent in refluxing toluene. Surprisingly BFT-OS was obtained as
oil and showed a limited stability. The targets compounds have
been satisfactorily characterized by 'H and *C NMR and mass
spectrometry. However, due to its lack of stability, (BFT-OS) could
not be fully characterized nor evaluated in OSC devices.

The thermal stability of the target compounds has been inves-
tigated by differential scanning calorimetry and thermogravimetry.
All compounds with a classical DPP are thermally stable and show
decomposition temperature much higher than their melting point
except for the all-furan compound BFF which decomposes at
195 °C. The introduction of thioketo groups in the structure
produces drastic changes in the thermal properties and BFT-SS
does not melt but decomposes at 162 °C (Table 1).

3.2. Electronic properties of the donors

The electronic properties of the compounds have been analyzed
by UV—vis absorption spectroscopy, fluorescence emission spec-
troscopy and cyclic voltammetry. The UV—vis data recorded in
CH,Cl, solutions show that the composition of the side-chains has
little influence on the optical properties of the system. Thus, the
maximum of the absorption band of lowest energy (19_g) shows
only a 12 nm red shift when replacing the all-furan chain of BFF
(616 nm) by the mixed benzofuran-thiophene BFT (628 nm). On the
other hand, the four compounds present high molecular absorption
coefficients (¢) (Table 2).

. 3X=0,Z=H

'")[4X=S,Z=H
5X:QZ:B£]"D
6X=SZ=8Br

BFT-0S
BFT-SS

Scheme 1. Synthesis of the target compounds. i) FeCls, Na, t-AmOH; ii) DMF, K;COs3, 130 °C; iii) NBS, CHCls, rt; iv) Pd(PPhs)y, toluene; v) LR, toluene.
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Table 1
Melting points and thermal decomposition temperature of the target compounds.
Compd Mp (°C) Td (°C)
BTF 247 347
BFF - 195
BFT 222 280
BTT 265 327
BFT-SS - 162
Table 2

UV—is absorption and fluorescence emission data of the compounds in CH»Cl, Eg of
materials in the solid states (from 1 mg mL~" chloroform spin coated solutions).

Compd  Amax (NM e(M'em™) Jem(nm) ¢ (%) AE(eV) Eg(eV)
BTF 358,570,620 72,400 632—685 42 2.00 1.76
BFF 352,566,616 85,500 626—680 53 2.01 1.81
BFT 354, 583, 628 54,500 647—-700 26 197 1.76
BTT 356, 584, 624 53,200 650—-700 34 1.99 1.69
BFT-SO 335, 475, 688 9500 nd nd 1.80 nd
BFT-SS 396, 503, 718 11,600 nf — 1.73 1.55

It is known that replacement of the keto groups of DPP by thi-
oketo ones produces a red shift of the absorption spectrum.>® This
effect is also observed here and the introduction of one and two
thioketo groups in the structure produces a large bathochromic
shift of Ag_o to 688 and 718 nm for BFT-0S, and BFT-SS respectively
accompanied by a significant decrease of ¢ (Fig. 1 and Table 2).

The UV—vis absorption spectra of films spun-cast on glass from
chloroform solutions (see SI) reveal large bathochromic shifts of the
absorption maxima with a broadening of the absorption bands
while the low energy absorption edges lead to optical band gaps
(Eg) in the range of 1.70—1.80 eV. Comparison of the Eg values shows
that the increase of the thiophene content leads to a small reduc-
tion of Eg from 1.81 eV for BFF to 1.69 eV for BTT. On the other hand,
replacement of the carbonyl groups by thiocarbonyl ones produces
a more drastic effect with a reduction of E; down to 1.55 eV for BFT-
SS (Table 2).

The fluorescence emission properties have been measured in
CHyCl, solution using cresyl violet in ethanol as standard
(¢em = 0.54). All compounds with a classical DPP system show
fluorescence quantum yields in the range of 35—50%, the highest

1.6

Absorbance a.u.

0.0

300 400 500 600 700 800
Wavelength (nm)

Fig. 1. UV—vis absorption spectra of BFT (dotted line), BFT-OS (dashed line) and BFT-
SS (solid line) in dichloromethane.

values being observed for compounds with a furan ring directly
connected to the DPP core BTF and BFF. A most striking phenom-
enon is that replacement of the carbonyl groups by thiocarbonyl
ones in BFT-SS results in a complete quenching of fluorescence.

Fig. 2 shows the cyclic voltammograms corresponding to the
oxidation and reduction of BFT, BFT-0OS and BFT-SS in the presence
of tetrabutylammonium hexafluorophosphate in CH,Cl,. The four
compounds containing diketo-groups present a very similar CV
response with two reversible one-electron oxidation processes
with anodic peak potentials Ep,1 and Ep,2 around 0.70—0.80 and
1.00 V (Table 3).

The CV of BTF and BFF, with a furan ring adjacent to the DPP core
presents slightly less positive Ep,1 values. This difference could
reflect a better m-electron delocalization associated with the lower
resonance energy of furan compared to thiophene. However the
smaller dihedral angle between the DPP core and the linked furan
ring could also play a role. This hypothesis is consistent with
crystallographic and theoretical results (see SI). As shown in Fig. 2,
all compounds are reversibly reduced with cathodic pic Epc
around —1.10 V for compounds with a diketo core. The introduction
of thioketo groups produces a positive shift of Epc to —0.90
and —-0.80 V for BFT-OS and BFT-SS respectively indicating
a decrease of the LUMO energy level (Table 3).

As shown by these optical and electrochemical results, the
composition of the side-chain has little influence on the energy
level of the frontier orbitals of the molecule and hence on the band
gap of the resulting material. On the other hand, the introduction of

10 pA I

-1.6 -1.2 -0.8 -0.4 0.0 0.4
E (Vvs SCE)

Fig. 2. Cyclic voltammograms of BFT (black), BFT-OS (blue) and BFT-SS (red). Top:
oxidation in 0.10 M BugNPFg/CH,Cl,, bottom: reduction in 0.10 M BusNPFg/THF, scan
rate 100 mV s~ . (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 3
Cyclic voltammetric data for the donors recorded in the conditions of Fig. 2.

Compd Epal (V) Epa2 (V) Epc (V) Enowmo® (V) Erumo (eV)
BTF 0.71 0.98 -1.06 -5.65 —3.88
BFF 0.75 1.01 —1.08 -5.69 —-3.86
BFT 0.77 1.04 -1.09 —-5.71 —-3.85
BTT 0.81 1.04 -1.08 —5.75 -3.86
BFT-SO 0.72 0.98 -0.90 -5.66 —-4.04
BFT-SS 0.74 1.44 -0.80 —5.68 —-4.14

2 Assuming Egny = —4.6 eV.

thioketo groups in the structure produces a significant reduction of
Eg due to and a ca 0.30 eV decrease of the LUMO level together with
a decrease of the absorption coefficient and complete quenching of
fluorescence.

3.3. Evaluation of the donors in organic solar cells

The potentialities of the various compounds as donor material in
heterojunction OSCs have been evaluated on bilayer devices using
vacuum deposited Cgp as acceptor layer. Although bulk hetero-
junction lead in general to better PCE, bilayer cells appear more
reliable for screening experiments on new compounds available
only in limited amounts. The cells were fabricated by spin-casting
a film of donor of typically 20 nm on an ITO electrode pre-coated
with a 40 nm film of PEDOT-PSS. A 50 nm layer of Cgo was then
thermally evaporated under vacuum and the device was completed
by a 100 nm thick layer of aluminum electrode.

Fig. 3 shows the incident photon to electron conversion effi-
ciencies (IPCE) spectra of the cells based on the donors with
diketo-DPP core before and after thermal annealing. Indeed,
numerous studies have shown that thermal treatment may
strongly affect the morphology of the active layer with an increase
of the crystallinity of the materials propitious to an increased
optical density and charge mobility and thus to a better Jsc. IPCE
spectra show that despite their comparable electronic properties

the four donors lead to considerably different photoresponses. The
all-thiophene BTT leads to the lowest peak intensity. After
annealing, the highest IPCE is obtained with BFT with a 38% peak
at 600 nm. The all-furan BFF derivative which presented the
higher IPCE before annealing only shows a moderate improvement
from 10 to 15% as BTF doesn’t exhibit a real improvement at 12%. It
is noteworthy that intensity of the IPCE response is tightly corre-
lated with the sensitivity toward thermal treatment. Thus, the
largest difference between the spectra recorded before and after
thermal annealing is observed for BFT which is the most efficient
donor while in contrast, thermal treatment has no effect on the
photoresponse of the poorly efficient BTT cell; we note only
a decrease of the absorbance of beyond 200 °C. On the other hand,
the lack of improvement observed after thermal treatment of BFF
is mainly due to its thermal instability. In fact, contrary to BFT, BFF
does not present a clear melting point but a thermal decomposi-
tion at 195 °C.

The current vs voltage curves of the various cells have been
recorded under simulated solar irradiation in AM 1.5 conditions
with a power light intensity of 90 mW cm~2. The data in Table 4
confirm, in agreement with the IPCE spectra, that BFT leads to the
highest efficiency, with a short-circuit current density (Jsc) close to
8.0 mA cm~2 and a PCE of 2.50% (Fig. 4). As expected BTT leads to
low Jsc and PCE while BFF and BTF gave values around 0.80% with Jsc
values of ~3.0 mA cm 2.

The results also confirm the already observed strong depen-
dence of the cell performances on the sensitivity toward thermal
treatment with the largest effect observed with BFT and no effect
for BTT. Finally we note that no significant photovoltaic effect could
be observed for the cells based on BFT-SS which gave only negli-
gible currents.

In order to complete these observations, BFT-SS, was also
evaluated in BH]J cells using BFT as a reference. The devices were
realized with PCg1BM as acceptor using a 3:2 donor/acceptor
weight ratio in chloroform. Fig. 5 shows the J vs V curves obtained
under white light illumination. Again a considerable effect of
thermal annealing is observed for BFT with an increase of Js. from

307 _': 30]
= 207 ::!i'h. 20]
w =% ]
E_) ;. - a b
L 101, 101
-’M
0" 400 500 600 700 800 900 O 400 500 600 700 800 900
504
30] %,
c 104 d
20" %
.o I
:.”l'. [1 -'..",I"
107e 101+
1 i
0' T T T T T T U T T T T 1
400 500 600 700 800 900 400 500 600 700 800 900

Wavelength (nm)

Wavelength (nm)

Fig. 3. IPCE spectra of bilayer solar cells based on DPP donors and Ceo. (a) BTF, (b) BTT, (c) BFT, (d) BFF. Black line: as cast films, red line after 10 min thermal treatment. BFT 130 °C,
BTT no thermal treatment, BTF 90 °C, BFF, 120 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4

Photovoltaic parameters of bilayers solar cells based on DPP donors and Cgo. Under
white light illumination at 90 mW cm~2. Data in bold have been measured after
thermal annealing in the conditions of Fig. 3.

Compd Jse (MA cm™2) Vo (V) FF (%) PCE (%)
BTF 1.80 0.67 24 0.33
3.22 0.66 32 0.75
BIT 0.13 0.39 19 0.01
BFT 250 0.61 41 0.70
7.90 0.72 39 2.50
BFF 1.60 0.51 28 0.30
3.30 0.60 39 0.80
BFT-SS 0.003 0.09 25 <0.001
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Fig. 4. Current density vs voltage curves of bilayer solar cells donor/Cg, (after thermal
treatment in the conditions of Fig. 3), in the dark (empty squares) and under simulated
solar irradiation in AM 1.5 conditions at 90 mW cm™2. Top: BTF, bottom: BFT.

3.30 to 10.0 mA cm 2 while PCE increases from 0.92 to 3.13%. On the
other hand, the results obtained with the BFT-SS cells confirm the
absence of photovoltaic effect of this donor (Table 5).

The IPCE spectra of the two types of cells agree well with the
above results and confirm the large effect of thermal treatment on
the BFT cells. The spectrum shows a first peak a ca 450 nm followed
by a major band of 65% around 600 nm. For BFT-SS the major peak
of 25% around 400 nm essentially reflects the contribution of
PCs1BM while a peak of less than 0.05% is observed at the maximum
of the long wavelength absorption band of the donor.

These results confirm that despite a noticeable reduction of the
band gap BFT-SS does not exhibit any photovoltaic effect when
used as donor with Cgp-based acceptors. A first explanation of this
phenomenon could be related to the ca 0.30 eV lower LUMO level
of BFT-SS compared to BFT which results in a decrease of the
driving force for photo-induced electron transfer to Cgp. On the
other hand, the quenching of luminescence resulting from the
introduction of thioketo groups in the structure suggests
a considerable reduction of the lifetime of the singlet excited state
which can also contribute to reduce the probability of photo-
induced electron transfer.
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Fig. 5. Top: Current density vs voltage curves for BH]J solar cells based on BFT (red) and
BFT-SS (blue). Bottom IPCE spectra of the two cells. The cells were subjected to thermal
treatment (10 min at 70 °C). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 5
Photovoltaic parameters of bulk heterojunction solar cells based on based on BFT
and BFT-SS and PCgBM under simulated solar irradiation AM 1.5 conditions, at
90 mW cm~? Results in bold are measured after thermal treatment (10 min at
70 °C).

Compd Jsc (MA cm—2) Voe (V) FF (%) PCE (%)
BFT 3.30 0.94 27 0.92
10.01 0.81 35 3.13

BFT-SS 0.008 0.46 25 <0.001

0.007 0.40 22 <0.001

4. Conclusion

New DPP-based D—A—D molecules have been synthesized.
Optical and electrochemical data show that the modification of
the side-chain composition has little effect on the energy level of
the molecule but strongly affects the efficiency of the resulting
photovoltaic devices. This effect seems to be tightly correlated
to sensitivity of the material toward thermal annealing. This
suggests that besides appropriate light-harvesting properties
and energy levels, the ability of DPP-based donors to reorganize
in the solid-state is crucial for the fabrication of efficient solar
cells. Replacement of the carbonyl groups of DPP by thioketo
groups produces a significant reduction of the band gap of the
material due essentially to the decrease of the LUMO level.
However, these modifications are accompanied with a complete
quenching of fluorescence and photovoltaic conversion effi-
ciency. Although these new compounds did not allow the
fabrication of highly efficient solar cells, this first step in the
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analysis of structure—properties relationships of DPP-based
molecular donors has provided some informations that could
be useful for further work on the design of active materials
for OSCs.
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