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The effect of diketopyrrolopyrrole (DPP) group
inclusion in p-cyanophenyl end-capped
oligothiophene used as dopant in P3HT:PCBM BHJ
solar cells

V. M. Manninen,? J. P. Heiskanen,” D. Pankov,® T. Kastinen,® T. I. Hukka,? O. E.
O. Hormi® and H. J. Lemmetyinen?

In this work, two p-cyanophenyl end-capped oligothiophenes, DPP-(2TPhCN), and di-(p-
CNPh)4T, were compared as dopants in the P3HT:PCsBM bulk heterojunction (BHJ) layer of
inverted organic solar cells. Inclusion of DPP-(2TPhCN), significantly increased the average
efficiency of the solar cells, while the increase using di-(p-CNPh)4T doping on the cell
efficiency was minor. In the BHJ photoactive layer, the dopant molecules are close to and
interact with P3HT and PC¢BM molecules. Intra- and intermolecular interactions of the
dopant molecules with P3HT and PCsBM were studied in chloroform solutions. Energy or
electron transfer from the dopant molecules to PC¢BM takes place, as the fluorescence
emission intensity and lifetime of the dopant molecules decreased in the presence of PC¢BM.
In the case of doping with DPP-(2TPhCN),, doped cells had higher absorbance than the non-
doped reference cell and doping broadens the cell absorption to the near IR-region. Thus, the
dopant molecules act as additional light absorbers in the photoactive layer and transfer energy
or electrons to PCgBM, which increases the short circuit current and power conversion
efficiency of the cell. Also, the emission of the cells doped with DPP-(2TPhCN), decreased
when compared to that of the reference cell. In this case, P3HT can give electrons or energy to

dopant molecules and the cell current and efficiency are further increased.

Introduction

Recently, diketopyrrolopyrrole (DPP)-based materials have
been widely studied in both polymer* and small molecule? bulk
heterojunction (BHJ) organic solar cells (OSCs). The DPP-core
is one of the most attractive units for tailored photovoltaic
materials since the molecular properties can be greatly affected
by attaching different side groups to the DPP-core. The
conjugated planar DPP-core provides high hole mobility for
donor materials. By attaching electron donating side groups,
e.g. thiophenes, low band-gap high performance donor
materials have been synthesized for BHJ OSCs.? DPP-based
acceptor materials for BHJ OSCs have been synthesized by
attaching side groups with electron withdrawing end-capping
groups, e.g. trifluoromethylphenyl, to the DPP core.®* DPP-
containing  oligothiophene-fullerene  triads have been
synthesized and used as photoactive layer material on their own
or together with poly(3-hexylthiophene) (P3HT) in BHJ OSCs.*
Apart from their use in OSCs, metal-free dyes with DPP-cores
have 5been synthesized for use in efficient dye-sensitized solar
cells.

In addition to their excellent photovoltaic performance,
DPP-based materials have interesting photophysical properties.
When electron-donating oligothiophene side groups are
attached to the electron-deficient DPP-core, the band gap is
reduced, which extends the light absorption into the near-
infrared region. A common feature of DPP-based materials is
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their relatively high oxidation potential, which leads to a high-
energy charge separated state, when combined with fullerenes.
Correspondingly, high voltages are produced when the
materials are used in OSCs. One of the drawbacks of the low
band gap DPP-based molecules is their generally low triplet
state energy.®’ If the triplet energy is lower than the energy of
the charge separated state, the charge recombination to the
triplet state is possible. The triplet recombination is a likely loss
mechanism in OSCs based on low band gap donor materials.®
Because the DPP-based materials absorb at longer
wavelengths than P3HT, their inclusion as additional dopant
molecules in the P3HT:PC¢BM photoactive layer broadens the
absorption band of the BHJ solar cells. As DPP-based materials
can function as donor materials, it is likely that they interact
with PCgBM. Inclusion of different dopant molecules in the
photoactive layer of P3BHT:PCsBM BHJ OSCs has been widely
studied. The improved efficiency of cells using various low
band gap materials, such as DPP- or naphthalene based small
molecules,® or metal complexes, such as Algs derivatives,™ has
been reported. Improvements in the efficiency of the doped
cells have been attributed to advantageous active layer
morphology changes, increased P3HT crystallization, wider
absorption area and improved charge transport in the
photoactive layer. Interaction of dopant molecules, such as
fluorescence resonance energy transfer (FRET), with active
layer components was reported™ to significantly improve the
cell efficiency. However, further fundamental research and
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better understanding of the functional principles of the doped
cells is required. This can be done by utilizing detailed
spectroscopic studies of dopant/PC¢,BM and dopant/P3HT
interactions.

Previously, we studied the interaction of an Alg; end-
capped oligothiophene, (Algs),-OT, with PC¢BM using steady
state and time resolved spectroscopic methods.”> As the
electron transfer from the (Algs),-OT to PCsBM was observed,
(Alg3),-OT was applied as a dopant material in the
P3HT:PC4BM photoactive layer of inverted BHJ organic solar
cells. (Algs),-OT dopant molecules served as additional donor
molecules in the photoactive layer and increased the cell
current and efficiency by donating electrons to PCsBM.

In this work, we studied the interactions of two aryl end-
capped small molecule donor materials, DPP-(2TPhCN), and
di-(p-PhCN)T4 (Fig. 1), with the photoactive layer
components, P3HT and PCg,BM. DPP-(2TPhCN), was
synthesized in order to include a DPP-group in the aryl end-
capped oligothiophene. These two compounds were compared
as dopant materials in inverted P3HT:PC¢BM BHJ OSCs. The
DPP-(2TPhCN), doping improved the cell efficiency, while
the influence of the di-(p-PhCN)T4 doping on the cell
efficiency was minor. The effect of the dopant materials on the
cell efficiency is explicable based on the performed
spectroscopic measurements.
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Fig. 1 Chemical structures of di-(p-CNPh)4T and DPP-(2TPhCN),.
Results and discussion

Synthesis of DPP-(2TPhCN),

A recently reported direct arylation method of a DPP unit with
various aryl halides and thiophene derivatives® was inefficient
in our hands. Following the direct coupling protocol, coupling
of the commercial starting material 1 with 2-hexylthiophene
gave the compound 2 only in 34% yield. After a short
optimization series (Table 1), compound 2 could be prepared by
a Suzuki-Miyaura cross-coupling between compound 1 and 3-
hexylthiophene-2-boronic acid pinacol ester. The standard
Pd(PPhs), catalyst together with toluene/DMA/H,O solvent
mixture gave the best result (entry 3). Compound 2 was isolated
in high yield by column chromatography.

Compound 2 was brominated using N-bromosuccinimide
(NBS) (2.1 equiv) under ultrasound irradiation. The compound
3 was produced in 75% yield when the reaction was carried out
in toluene. However, the yield could be improved to 97% by
using chloroform as a reaction solvent.

Table 1 Optimization of Suzuki-Miyaura cross-coupling of compound
1 with 3-hexylthiophene-2-boronic acid pinacol ester.

DMA/H,0
b c toluene/ d
2 Pd,(dba)s t-BusP-HBF, DMA/H,0 2 86.2
toluene/ de
3 Pd(PPhs), - DMA/H,0 2 92.4
4 Pd(PPh;)4 - DMA/H,0 3% 26

Ent
ry

Catalyst Ligand Solvent Time  Yield®

1 Pd(dppf)Cl, - toluene/ 1 74.5
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Reaction conditions: catalyst 12 mol%, Cs,CO; (4.5 equiv), 3-
hexylthiophene-2-boronic acid pinacol ester (2.1 equiv), 110 °C,
%Isolated yield of compound 2, °6 mol%, 24 mol%, ‘Average of three
runs, *The highest yield was 94%.

The optimized reaction conditions for the first reaction step
were also usable for the Suzuki-Miyaura cross-coupling
between compound 3 and 4-cyanophenylboronic acid.
However, the standard Pd(PPhj;), catalyst only gave the DPP-
(2TPhCN), in moderate yield (44%) while using Pd,dba; as a
palladium source with t-BusP-HBF, as a ligand gave the target
compound DPP-(2TPhCN), in a good yield (84%).
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Scheme 1 Synthesis of DPP-(2TPhCN),.

Computational modeling of DPP-(2TPhCN),

The DFT-optimized ground-state geometry of DPP-
(2TPhCN), is shown in Fig. 2. The dihedral angles (the C-C-C-
C dihedral angles, o in Fig. 2) between the thiophenes and the
terminal phenyl groups are 20° and 23°. The long hexyl side
chains twist the backbone as well, resulting in the dihedral
angles of 167° and 153° between adjacent thiophenes (the C-C-
C-C dihedral angles, g in Fig. 2), i.e. the neighboring sulfur
atoms are anti to each other. However, the dihedral angles
between the thiophenes and the DPP-core (the C-C-C-C
dihedral angles, y in Fig. 2) are only 9° and 1°. This can be
attributed to the planarizing effect of the hydrogen bonds
between the carbonyl groups of the DPP-core and the hydrogen
atoms of the neighboring thiophenes.**® The bulky 2-
ethylhexyl side chains of the DPP-core have been shown to
induce an additional twist to the backbone,® but their effect is
here not as significant as in ref. 13. This is most probably due
to the different geometries and side-chain positioning of the
compounds. Additionally, the differences between the
measuring methods (i.e. gas-phase DFT calculation versus
condense phase single crystal X-ray diffraction measurement)
may have some effect.’* More accurate values of the dihedral
angles are presented in Figure S1 and Table S1.
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Fig. 2 Optimized ground-state geometry of DPP-(2TPhCN), calculated
at the B3LYP/6-31G** level of theory.

The calculated energies of the HOMO and LUMO levels and
the HOMO-LUMO gap energies of DPP-(2TPhCN), are
presented in Table 2. The calculated HOMO and LUMO levels
are slightly higher than the experimental values measured by
differential pulse voltammetry (DPV). The computed frontier
molecular orbitals are shown in Fig. 3. Both the HOMO and
LUMO are mainly localized on the backbone with only a small
amount of electron density on the terminal phenyl groups. In
the HOMO, ca. 96% of the molecular orbital is localized on the
backbone and only 4% on the terminal phenyl groups (Table
S2). Part of the electron density is transferred from the
backbone to the terminal groups upon excitation. Consequently,
ca. 91% of the LUMO is on the backbone and 9% on the
terminal phenyl groups.

Table 2 HOMO, LUMO and band gap (Eg) energies of DPP-
(2TPhCN), calculated at the B3LYP/6-31G** level of theory and
obtained by DPV measurements.

Method HOMO (eV) LUMO (eV) Eq (eV)
DFT -5.0 -2.9 2.0
DPV 5.2 -3.3 1.9

HOMO LUMO
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Fig. 3 Frontier molecular orbitals of DPP-(2TPhCN); calculated at the
B3LYP/6-31G** level of theory (isodensity contour = 0.025).

The more precise contributions of the DPP and thiophene units
into the HOMO are 54% and 43%, respectively, and into the
LUMO 38% and 53%, respectively. Thus, it could be assumed
that electron density is transferred from the DPP-core to the
thiophenes and the terminal phenyl groups upon excitation.
Intramolecular charge transfer was computed in detail (See Sl:
Fig. S3 and Table S3) and its properties are discussed in the
next section. However, caution must be used in drawing
conclusions based on these results, because there is no
universally agreed best method to determine the contributions
of molecular fragments to the molecular orbitals and different
population analysis methods result in different values.'"*®
Computational calculations have been performed on di-(p-
PhCN)T4 before™ (Frontier molecular orbitals, See: Fig. S4;

This journal is © The Royal Society of Chemistry 2014
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Contributions to the HOMO and LUMO, See Table S4). The
HOMO electron density of di-(p-PhCN)T4 concentrated on the
quaterthiophene backbone. Upon excitation, the electrons
moved from the electron donating quaterthiophene backbone to
the electron deficient end-capped p-cyanophenyl groups.

Absorption properties of DPP-(2TPhCN),

The properties of different thiophene groups attached to the
DPP-core have been studied extensively®Erort Beokmark ot
defined.” and have a significant effect on the number and
positions of the molecule absorption bands. In the literature,
two characteristic longer wavelength maxima of the DPP-core
with bithiophene side groups peaked at around 580 and at 617
nm and the shorter wavelength maxima were at 350 nm and
410 nm.® The band at 410 nm was characterized as an
intramolecular charge transfer (ICT) band as electrons move
from the terminal donor groups to the DPP-core. A gradual red
shift of the ICT band increased with the electron rich nature of
the aromatic groups end-capped to the bithiophene side groups
of the DPP-core. When trithiophene groups were attached to the
DPP-core, the short wavelength absorptions peaked at 325 nm
and 390 nm, a shoulder appeared at around 450 nm and the
long wavelength absorptions were at 610 nm and 661nm.%°

As DPP-(2TPhCN), is end-capped with electron
withdrawing® p-cyanophenyl groups, the long wavelength
absorption of DPP-(2TPhCN), (Fig. 4a) is red-shifted
compared to that of the DPP-core with bithiophene side
groups.® The spectrum of DPP-(2TPhCN), peaks at 600 nm
and has a vague shoulder at 650 nm, which results in a 1.9 eV
optical band gap energy calculated from the shoulder. The value
of the optical band gap is the same as the electrochemical band
gap measured by DPV, but the computational calculations gave
a slightly larger gap of 2.0 eV. The short wavelength absorption
band of DPP-(2TPhCN), at 325 nm corresponds to the
reported’ absorption of a DPP-core with trithiophene side
groups. This indicates that the conjugation in the thiophene
parts of DPP-(2TPhCN), is extended partly to cover the aryl
groups, which provides side group absorption that corresponds
that of trithiophene side groups.
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Fig. 4 Absorption (a) and fluorescence emission (b) spectra of 1.13 uM

DPP-(2TPhCN); in chloroform.

The computational calculations support a charge transfer from
the DPP-core and thiophenes to the terminal p-cyanophenyl
groups in the excited state of DPP-(2TPhCN),. According to
the DFT calculations (Table S3 and Figure S3), the DPP-
(2TPhCN), absorption band at 428 nm (Fig. S2) corresponds to
two electronic configurations. The one (~53%), in which the
electron density is transferred from the whole oligomer towards
the DPP-core, and another (~45%), in which the electron
density moves from the DPP-core and the thiophenes to the
end-capped aryl groups. The DPP-(2TPhCN), absorption band
at 400 nm corresponds to the calculated band at 428 nm, as the
used computational method red-shifts the bands. Thus, the band

Photochem. Photobiol. Sci., 2014, 00, x-x | 3
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at 400 nm is assigned as an ICT band, which was observed in
the transient absorption measurements (Fig. 14), and is
discussed in detail in the last section. Fluorescence emission
spectra of DPP-(2TPhCN), excited at each absorption
maximum (317 nm, 395 nm and 605 nm) show the emission
maxima at 690 nm and 750 nm (Fig. 4b), which corresponds
the reported’ emission of the DPP-core with trithiophene side
groups.

Electrochemical properties of DPP-(2TPhCN),

DPV curves of DPP-(2TPhCN), and ferrocene are shown in
Fig. 5. Two reversible oxidations, at 0.65 V and 0.81 V, and
three reversible reductions, at -1.22 V, -1.63 V and -1.97 V,
were observed. The HOMO and LUMO energy levels of DPP-
(2TPhCN),, based on the first oxidation and reduction
potentials referenced to the ferrocene oxidation potential are -
5.2 eV and -3.3 eV, respectively. Electrochemical band gap is
19eV.

T L3 T
Background
~———DPP-(2TPhCN)zwith Fc

——DPP-
(2TPhCN)2

2,0x107
1,0¢107

< o0l

-1,0x107

-2,0x107

-2 -1 [TRY; 4] 1
Fig. 5 DPV curves of DPP-(2TPhCN), and ferrocene reference in
dichloromethane.

Solar cell experiments

DPP-(2TPhCN), and di-(p-CNPh)4T were compared as
dopants in the photoactive layer of the inverted
ITO|ZnO|P3HT:PC4BM]|AIlgs|Ag (Fig. 6) OSC. Different mass
ratios of the dopants and other components, P3HT donor and
PC4BM acceptor, were tested in the photoactive BHJ layer.
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Fig. 6 Energy levels of the inverted cell structure? (yellow) and the
used dopant molecules DPP-(2TPhCN), and di-(p-CNPh)4T (blue).
Direction of the electron and hole transport is shown by arrows.

Photovoltaic parameters of the reference cell, the cells with
2.5-10 m% of DPP-(2TPhCN), dopant in the P3HT:PC¢BM
photoactive layer and a DPP-(2TPhCN),:PC;, BM cell (60:40)
cell are shown in Table 3 and the I-V curves in Fig. 7. The use
of DPP-(2TPhCN), as a dopant molecule improved the cell
power conversion efficiency (1), when the mass of dopant
molecules in the photoactive layer was 3.5% or 5.0% of the
P3HT:PC4sBM:dopant mixture total mass. Efficiencies of the
best cells doped with 3.5 m% or 5.0 m% of DPP-(2TPhCN), in
the photoactive layer were 3.0% and 3.3%, respectively,

4 | Photochem. Photobiol. Sci., 2014, 00, x-x

compared to 2.8% efficiency of the best reference cell
measured one day after cell preparation. The average efficiency
of the cells, when the amount of the dopant molecules was 3.5
m%, was 2.7% compared to 2.4% average efficiency of non-
doped reference cells.

Table 3 The amount of DPP-(2TPhCN), dopant molecules (2.5-10
m%) in the photoactive layer of the P3HT:PC;,@BM cell, the
corresponding photovoltaic parameters measured one day after cell
preparation and their standard deviations, and those of the DPP-
(2TPhCN),:PC7,BM (60:40) cell.

mobmol%na g .y, Voc best FFoest Hoest Havg
(mA/cm?) 9] (%0) (%0) (%0)

0 0 9 -29+0.14 0.55+0.008 57+6.3 2.8+0.35 2.4+0.35
25 0.7 9 -25+0.25 0.54+0.008 62+7.2 2.5+0.29 2.1+0.29
35 10 10 -29+0.16 0.55+0.004 58+8.2 3.0+0.24 2.7+0.24
50 14 10 -3.3+0.29 0.54+0.010 62+6.7 3.3+0.41 2.6+0.41
6.5 18 9 -2.7+0.31 0.55+0.003 53+6.6 2.5+0.43 2.0+0.43
10 2.7 7 -1.9+0.24 0.55+0.008 41+4.1 1.3+0.08 1.2+0.08
60° 59 4 -1.240.23 0.61+0.036 34#2.1 0.7#0.10 0.6+0.10

*Number of solar cell samples,"DPP-(2TPhCN),:PC7,BM (60:40) cell

0,0

A
Fig. 7 1-V curves of the P3HT:PCsBM reference cell and the cells
doped with DPP-(2TPhCN); (in m%, as in Table 3) measured one day
after cell preparation.

The cells were re-measured one month after cell preparation
and the photovoltaic parameters are shown in Table 4. During
the storage in dark, the efficiencies of the best cells with 3.5
m% and 5.0 m% of DPP-(2TPhCN), dopant increased to 3.2%
and 3.6%, respectively, compared to the 2.8% efficiency of the
reference cell. The average efficiency of the cells with 5.0 m%
of DPP-(2TPhCN), dopant increased to 2.9% compared to
2.4% average of the reference cells. These results demonstrate
the long-term stability of the prepared inverted cells.

Inclusion of DPP-(2TPhCN), dopant molecules in the
photoactive layer does not change the cell V,. remarkably. The
cell efficiency is primarily improved due better I, and slightly
higher FF values. When the content of the dopant molecules is
6.5 m% or more, the morphology of the P3HT:PCsBM layer
seems to deteriorate, since aggregates could be seen in the BHJ
layer by an optical microscope. Large concentrations of the
dopant molecules possibly prevent the formation of the
continuous paths of hole transporting P3HT and electron
transporting PC¢BM phases. Thus, the efficiency of the cell
probably decreases due to decreased charge transport to the
electrodes.

The DPP-(2TPhCN),:PC7BM (60:40) cell, where P3HT
was completely replaced by DPP-(2TPhCN), as a donor
material in the BHJ layer, had an efficiency of 0.7% after
optimization experiments. The theoretical maximum efficiency
for the cell, with the same donor LUMO and PCBM acceptor

This journal is © The Royal Society of Chemistry 2014
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and FF being 65%, is ~4-5%.% The cell had a V. of 0.61 V,
which corresponds well with the V,. produced by the donors
with the same HOMO level.?? I, and FF remained low, which
limited the cell function. Perhaps DPP-(2TPhCN), is able to
donate electrons to PC¢BM to certain extent. But, whether the
charge separation is inefficient, recombination back to DPP-
(2TPhCN), triplet state is fast, or a decent BHJ network with
PC,,BM is not formed. Any of these could possibly decrease
the charge transport to the electrodes.

Table 4 The content (2.5-10 m%) of DPP-(2TPhCN), dopant
molecules in the photoactive layer of the P3HT:PCgBM cell, the
corresponding photovoltaic parameters measured one month after cell
preparation and their standard deviations.

m% mol% p= Lc, best Voo best FFpest Hbest Havg
(mA/cm?) 9] (%0) (%0) (%0)
0 0 9 -2.8+0.17 0.54+0.012 61+4.7 2.8+0.27 2.4+0.27
25 0.7 8 -2.7x0.30 0.56+0.007 65+9.4 3.0+0.55 2.3+0.55
35 1.0 9 -3.0£0.19 0.57+0.003 59+3.4 3.2+0.21 2.8+0.21
50 14 9 -3.3x0.36 0.57+0.005 62+7.0 3.6+0.59 2.9+0.59
6.5 1.8 9 -3.1+0.44 0.56+0.007 49+10 2.6+0.64 1.9+0.64
10 27 4 -24+0.55 0.58+0.032 38+3.7 1.7+0.35 1.2+0.35

*Number of the measured samples
Doping the P3HT:PCs(BM cell with DPP-(2TPhCN),
broadens the cell absorbance (Fig. 8a) to the longer
wavelengths, which is one possible explanation for the
increased cell ls.. In addition, the emission of P3HT in the
doped cells is decreased when compared to the reference cell
(Fig. 8b). Most probably, P3HT can give electrons or to dopant
molecules and the cell current and efficiency are further
increased (See SI: p. 20).

Photochemical & Photobiological Sciences
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Fig. 9 Normalized photocurrent spectra of the solar cell sample with 5 %

content of DPP-(2TPhCN), (black squares) and the reference cell (red

circles).

For comparison, di-(p-CNPh)4T was used as a dopant
molecule in the photoactive layer in three similar molar ratios
(0.7, 1.4 and 2.7) to DPP-(2TPhCN),. Only one cell out of ten
di-(p-CNPh)4T doped cells showed improved -efficiency
compared to the reference cell when the content of dopant
molecules was 4.8 m% (Table 5, Fig. 10). The average
efficiency of the cells was not improved using any of the tested
di-(p-CNPh)4T dopant concentrations compared with the
average efficiency of the undoped reference cells measured one
day after cell preparation.

After one month of storage, the average efficiencies of the
cells with 2.4 m% or 3.6 m% content of di-(p-CNPh)4T dopant
were slightly improved compared to the average efficiency of
the reference cells (Table 6). When di-(p-CNPh)4T was used
as a donor material, completely replacing P3HT, the best
efficiency after optimization experiments was 0.1%. The
theoretical maximum efficiency for the cell, with the same
donor LUMO level and PCBM acceptor, is less than 1%.22 A
high V,. of 0.67 V was produced, but the I, was only -0.12
mA/cm?.  Possibly, the poor performance of the di-(p-
CNPh)4T:PC¢BM cell is due to inefficient electron transfer
between the molecules, poor charge mobility in the di-(p-

3 12f skt b) 5“06 CNPh)4T phase or poor phase separation in the BHJ layer.

101 -65% —100%/ | g |

08f ' ,so% Z 3x10°F Table 5 The content (2.4-4.8 m%) of di-(p-CNPh)4T dopant

< 06 5 A molecules in the photoactive layer of the P3HT:PCsBM reference cell,

04 B aRIEh T the corresponding photovoltaic parameters measured one day after the

: ¥ i 1x10°k cell preparation and their standard deviations, and those of the di-(p-
o< B\ ] L CNPh)4T:PCgBM (67:33) cell.

Ogm 400 500 n?nm 700 800 ° 600 6%0 760 2 ;é? B(J)O 3%0 m% mol%n* Isc,best Voc,best FFbest Hbest Havg (%)
Fig. 8 Absorption (a) and emission (b) (1 = 500 nm) spectra of the (mA/cm?) ™) (%) (%0)
P3HT:PCeoBM reference cell and the cells doped with DPP- 0 7 -2.9+0.27 0.55+0.011 56+7.1 2.8+0.44 2.6+0.44
(2TPhCN), (in m%, as in Table 3) and those of the DPP-

(2TPhCN);:PC1oBM (60:40) cell, (x = 660nm). The legends in (a) 24 0.7 5 26%0.26 0.54:0.004 57+7.9 25:0.04 2.5:0.04
correspond to those in (b). 36 1.4 6 -3.5%0.42 0.54+0.005 4629.5 2.7+0.53 2.520.53
The cell photocurrent spectra in Fig. 9 clearly show, that the 48 2.7 10 -3.4%0.29  0.5320.006 62456 3.5+0.46 2.520.46
cell with 5 % content of DPP-(2TPhCN), produces more 67° 73 3 -0.1+0.05 0.67+0.000 42+16 0.1+0.04 0.1+0.04

current than the undoped reference cell at the wavelength range
from 625 nm to 800 nm. However, the photocurrent produced
by the doped cell and the reference cell are nearly the same at
the wavelength range from 450 nm to 625 nm. This clearly
shows, that the absorption of the dopant molecules leads to
additional current production in the doped cells at longer
wavelengths.

This journal is © The Royal Society of Chemistry 2014

*Number of solar cell samples, °di-(p-CNPh)4T:PCsBM (67:33) cell

Table 6 The content (2.4-4.8 m-%) of di-(p-CNPh)4T dopant
molecules in the photoactive layer of the P3HT:PCsBM reference cell,
the corresponding photovoltaic parameters measured one month after
cell preparation and their standard deviations.

m% mol% n« Lsc pest Voc,best FFpest Hbest Havg
(mA/cm?) V) (%0) (%0) (%0)

0 0 7 -3.0£0.25 0.55+0.005 60+4.9 3.0+0.37 2.6+0.37
2.4 0.7 8 -2.9+0.23 0.54+0.012 57+3.4 2.8+0.14 2.6+0.14
3.6 1.4 5 -3.1+0.40 0.56+0.009 57+2.8 3.0+0.42 2.6+0.42
4.8 27 9 -3.4+0.28 0.54+0.004 62+5.4 3.5+0.43 2.6+0.43
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*Number of the measured samples
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Fig. 10 I-V curves of the P3HT:PCg,BM cells doped with di-(p-

CNPh)4T (in m%, as in Table 5).

The cell absorption spectra show increased absorption due to
the di-(p-CNPh)4T doping, when 3.6 m% of the dopant is used
(Fig. 11a). However, absorbances of the cells with 2.4 m% or
4.8 m% of the dopant decrease compared to the reference cells.
These differences might be due to uneven spin-coated films.
The emission of P3HT is not quenched in the cells doped with
di-(p-CNPh)4T (Fig. 11b) as it was in the case of DPP-
(2TPhCN), doping. In contrast, the cell emission intensities
increase in the presence di-(p-CNPh)4T. This could be due to
increased P3HT recombination as a result of poor film quality.
Since the emission of the dopant molecules is not visible in the
cell emission spectra, the dopant molecules probably give
electrons to P3HT (See Sl: pp. 21-22), but this does not
contribute to increased current production, because P3HT is a
hole conductor.
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Fig. 11 Absorption (a) and emission (b) spectra (1ex =500 nm) of the
P3HT:PCsBM reference cell and the cells doped with di-(p-CNPh)4T
(in m%, as in Table 5) as well as those of the di-(p-CNPh)4T:PCsBM
(67:33) cell (Aex= 450 nm).

Absorption and fluorescence properties of DPP-(2TPhCN),in
the presence of PC¢BM and P3HT.

Doping of organic solar cells means the insertion of additional
dopant molecules into the solution of photoactive layer
components, P3HT and PCgBM, and spin coating of the
solution. After the spin coating the dopant molecules form with
P3HT and PC¢BM a solid BHJ layer, where the molecules are
mixed and in close proximity. This interaction can be easily
observed from the broadened and red shifted absorption and
emission spectra of the cells (Fig. 8 and 11) compared to those
measured in solution (Figures 12a and 15a). Thus,
intermolecular interactions, such as energy or electron transfer,
are possible between the molecules in solid cell structures.
Interactions of DPP-(2TPhCN), and di-(p-CNPh)T4 dopant
molecules with P3HT and PCsBM were studied by steady state
and time-resolved absorption and fluorescence methods in
chloroform solutions.

Interaction of DPP-(2TPhCN), with PCs,BM. When 0.12
mM DPP-(2TPhCN); is mixed with different concentrations of
PCsBM in chloroform, their combined emission intensity

6 | Photochem. Photobiol. Sci., 2014, 00, x-x

decreases as a function of the PC¢BM concentration as shown
in Table 7 and Fig. 12. Also, lifetimes in the single exponential
fits of the fluorescence decay curves (Fig. 13a, Table 7)
decrease as the PC¢BM concentration increases. The decrease
in the fluorescence intensities, which are corrected due to the
increased absorbance, is larger relative to the decrease in the
measured lifetimes. This is partly due to a decrease in the
absorption of DPP-(2TPhCN), as a consequence of the high
absorbance of PCsBM at the excitation wavelength, 650 nm
(Fig. 12a). The emission of DPP-(2TPhCN), is possibly
dynamically quenched by PCgBM.? The rate constant for the
dynamic quenching can be determined based on changes in the
fluorescence lifetimes as a function of the PCgBM
concentration. As (Fig. 13b) zo/r = 1 + Kp[Q] , Kp = 0.026 M-

1/10° = 26 M™%, the dynamic quenching rate constant, kq = 26
M™/1.08 ns = 2.40x10™ M™ s™. This value corresponds well
the diffusion controlled rate constant in chloroform. Thus the
quenching of DPP-(2TPhCN), with PCsBM is possible, either
via the energy or electron transfer mechanism.
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Fig. 12 Absorption (a) and emission (Aex = 650 nm) (b) spectra of DPP-
(2TPhCN), with different concentrations of PCsxBM in CHCI;
solutions 1-7. Concentrations of DPP-(2TPhCN), and PCsBM in
solutions 1-7 are shown in Table 7.

(1] T S R R TR
675 700 725 750 775 800 825 850

Table 7. Concentrations, absorbances at the excitation wavelength,
transmittances at the excitation wavelength, measured and corrected
fluorescence emission (lex = 650 nm) intensities at 750 nm, and
fluorescence lifetimes (Amon = 690 nm) of DPP-(2TPhCN), (DPP) and
PCsBM (Q) solutions 1-7 (Fig. 12) in chloroform.

Solution/ [DPP] [Q] Aeso)  Teso)®  lasoy  leorrrso)  T(eo0)
Curves (mM) (mM) (10"  (10%  (ns)
1 0.12 - 0.44 0.60 10 2.5 1.08
2 0.12 0.44 0.47 0.58 9.5 2.3 1.07
3 0.12 0.88 0.48 0.57 8.8 2.1 1.06
4 0.12 1.76 0.52 0.55 9.2 2.1 1.03
5 0.12 3.52 0.67 0.46 8.4 1.6 1.00
6 0.12 7.04 0.70 0.45 6.7 1.2 0.91
7 - 0.15 0.01 - - - -

Estimated transmittance of the sample solution for the excitation light:
Tex = 100224650 a5 the fluorescence intensity is measured in 90 degree
angle relative to excitation, "Corrected intensity at 750 nm: leon= Igzso)
/(1-Tey)

In the fluorescence lifetime experiments above, the excitation
took place at 650 nm, where mainly the DPP-core absorbs. The
lifetime of the DPP-group alone is 7.1 ns®, but it is reduced in
the case of DPP-(2TPhCN),, due to the attached substituted
thiophene side groups, to 1.1 ns. Thus, intramolecular
guenching takes place and corresponds to the charge transfer
from the DPP-core to the attached aryl end-capped thiophene
side groups.

This journal is © The Royal Society of Chemistry 2014
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Fig. 13 Fluorescence decay curves (Lex= 650 nm and Amen = 690 nm) (a)
and 7/r as a function of PC¢©BM concentration (b) of the DPP-
(2TPhCN), and PCgBM solutions.

In order to study the intramolecular electron transfer of the
DPP-(2TPhCN), molecule, which should take place according
to the molecular modeling discussed above, pump-probe
experiments were performed in chloroform. The excitation took
place at 650 nm, where only the DPP-moiety absorbs. Fig. 14a
presents the sum of the decay component spectra of DPP-
(2TPhCN), in chloroform at 0 ps (green curve) and the
component spectra with lifetimes of 6.2 ps and 590 ps (blue and
red curves) in the visible light region, and 9.8 ps and 740 ps in
the near-infrared region. It is worth noticing, that none of the
lifetimes observed here correspond to the fluorescence lifetime
(= 1.1 ns) measured by the single photon counting method
discussed above. A transient state is formed in 8.0 ps, average
of the both wavelength ranges, which can be seen as a
bleaching of the DPP-(2TPhCN), ground state (blue triangles)
at 550-650 nm and a low positive band at 670 nm. The formed
state, with an average life-time of 660 ps (red circles), is most
likely an intramolecular charge transfer state (ICTS), as the
electrons transfer from the excited ICT state, (P> T°*)*, of DPP-
(2TPhCN), to the p-cyanophenyl end-group:
(P*TM*C > (PT*")C?,

where P = DPP, T = thiophene, and C = the p-cyanophenyl unit.
The absorption band of the cation radical (PT®") has been
observed at the wavelength region of 900-1200 nm.® The
negative amplitude of the component spectrum at 550-700 nm,
with the average life-time of 660 ps, corresponds to the
recovery of the ground state and the ICTS state, together with
the positive amplitude at 900-1100 nm, and they recombine
with the same rate.
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Fig. 14 Transient absorption (green triangles) and decay component

spectra (blues and red triangles) of 0.234 mM DPP-(2TPhCN), in the

absence (a) and presence (b) of 1.76 mM PCsBM in CHCI; (4ex = 650

nm). In pump probe experiments the excitation at 650 slightly alters the

shape of the bands at 650 nm.

AOD
AOCD

To estimate the DPP-(2TPhCN),/PC4BM interaction, and the
possible electron transfer, the reaction was studied in the
presence of 1.76 mM PCgBM in chloroform (Fig. 14b). No
remarkable changes, however, appear in the transient spectra.
Here, the excitation at 650 nm not only excites the DPP-core,
but the PC¢BM as well, since it absorbs at that wavelength
(See Fig. 12a, curve 7). The only small differences between the

This journal is © The Royal Society of Chemistry 2014
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spectra in Figures 14a and 14b are the component average
lifetimes, 7 ps and 620 ps, which are 5-10% shorter in the
presence of PCgBM. The differences in lifetimes can be
explained rather by the experimental accuracy than by
molecular interactions, because PCgBM, at the used
experimental concentration, 1.76 mM, can not interact with
components of lifetimes < 700 ps. This is also one reason, why
no evidences for electron transfer from DPP-(2TPhCN), to
PCsBM was observed by pump probe experiments. Higher
concentrations of PCgBM could not be used, because PCsBM
absorbs at 650, and the sample absorbance would exceed the
instrumental limit (See Fig. S5).

In the presence of PC¢BM the fluorescence of DPP-
(2TPhCN), was quenched with the diffusion controlled rate.
Because neither traces of the well-known anion radical of
PCsBM at about 1100 nm nor new transient species were
observed in the pump probe experiments, it seems evident, that
there is no electron transfer reaction between the fullerene
moiety and DPP-(2TPhCN), in chloroform solution, and that
the fluorescence quenching is purely dynamic in nature. Here it
is important to note, that according to the time-resolved
fluorescence measurements the fluorescence of DPP-core is
quenched by only about 5% with the PC¢2,BM concentration
used in the pump-probe experiments. In solar cell experiments,
the DPP-(2TPhCN),:PC;,BM cell produced Is. of -1.20 mA
cm?, and the cells doped with DPP-(2TPhCN), had higher
current than the non-doped reference cell. This means that an
electron transfer in solid state can not be ruled out.

Interaction between P3HT and DPP-(2TPhCN), was also
studied by corresponding steady state and transient absorption
measurements. Energy transfer between the molecules was not
observed, but electron transfer from P3HT to DPP-(2TPhCN),
could be possible (See Sl: pages 20-21).

Interaction of di-(p-CNPh)4T with PC¢BM. As the
LUMO level of di-(p-CNPh)4T (-2.62 eV)™ is higher than that
of PCsBM (-3.7 eV) (Fig. 6), and if di-(p-CNPh)4T is excited,
a photoinduced energy or electron transfer is possible from the
former to the latter. In chloroform solution, the emission of di-
(p-CNPh)4T is quenched as a function of PCgBM
concentration (Fig. 15 and Table 8). As the emission decay
curves (Fig. 15c) show, lifetimes of the single exponential fits
decrease in the presence of PCqBM. The Stern-Volmer plot
(Fig. 15d) shows linear dependency of the fluorescence
intensity and lifetime ratios on PCgBM concentration. Since
the slopes of the linear fits for the intensity and lifetime ratios
are not the same, both dynamic and static quenching are
possible in the presence of PCqBM.

Photochem. Photobiol. Sci., 2014, 00, x-x | 7
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Fig. 15 Absorption (a) and emission (b) (lex = 483 nm) spectra and
emission decay curves (lex = 483 nm and Amen = 525 nm) (c) and Stern
Volmer plot (d) of di-(p-CNPh)4T with different concentrations of
PC¢BM (concentrations shown in Table 8).

Next, the kinetics of the photoinduced reactions was studied by
the pump-probe method. The excitation took place at the
wavelength of 483 nm, which corresponds to the absorption of
di-(p-CNPh)4T. Fig. 16a presents the sum of the decay
component spectra of di-(p-CNPh)4T in chloroform at 0 ps
(green curve) and the component spectra with life-times of 1.0—
5.1 ps (blue curves) and 700-920 ps (red curves). The first
decay component (1.0-5.1 ps, blue triangles) could be an ICT
state as electrons spread from the quaterthiophene backbone to
the p-cyanophenyl groups forming a quaterthiophene cation,
analogically to the sexithiophene (6T*) cation, which absorbs®
around 800 nm, or sexithiophene dication (6T%"), which
absorbs® at 940 nm. The second component (z = 707-923 ps,
red circles) shows the decay of the ICT back to the ground
state. The lifetime of the ICT state is consistent with the singlet
excited state lifetime of 0.72 ns measured for di-(p-CNPh)4T
by TCSPC.

In the presence of PCsBM the decay component spectra of
di-(p-CNPh)4T does not show changes in the absorption peak
positions, but the life-times are slightly decreased (Fig. 16b).
They are, however, longer than the corresponding fluorescence
lifetimes of di-(p-CNPh)4T. Here, the longest living transient
component in the absence of PCgBM is 0.9 ns, which is too
short-lived to be able to react with 1.76 mM PCgBM. Larger
concentration of PCgBM could not be used, because the
sample absorbance increased too high for the method.

Similarly to DPP-(2TPhCN),, energy transfer to PCsBM
quenches the singlet excited state of di-(p-CNPh)4T, but no
electron transfer takes place with PC¢BM in chloroform
solution. As for DPP-(2TPhCN),, no energy transfer from di-
(p-CNPh)4T to P3HT was observed by corresponding steady
state and transient absorption measurements of P3HT and di-(p-
CNPh)4T. However, electron transfer from di-(p-CNPh)4T to
P3HT is possible (See SI: pp. 21-22).
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Table 8. Concentrations, absorbances at the excitation wavelength,
transmittances at the excitation wavelength, measured and corrected
fluorescence emission (i = 483 nm) intensities, and fluorescence
lifetimes (Amon = 525 nm) of di-(p-CNPh)4T (4T) and PCesBM (Q)
solutions 1-7 (Fig. 14) inchloroform.

Sol/ [4T] Q] A T A T e leon® T

curv.  (MM)  (MM)  us sy’ @9°  e@s  (10)  (107)  (ns)
1 0.8 - 039 064 002 098 58 93 072
2 018 022 041 062 005 092 50 87 070
3 018 044 046 059 009 087 44 85 069
4 018 088 054 054 016 078 33 7.9 066
5 018 176 064 048 028 064 22 71 062
6 018 352 093 034 053 042 09 62 4
7 018 704 157 016 110 017 01 31 4

Estimated transmittance of the sample solution for the excitation light:
Tuss) = 10CHZAU8) a5 the fluorescence intensity is measured in 90
degree angle relative to excitation, "Estimated transmittance of the
sample solution for the emitted light at 525 nm: Tz = 100H2*A62),
“Corrected intensity at 525 nm: leon= Iis2s) /(1-(Tagsx Tszs), *“Number of
counts too small for a reliable fit
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Fig. 16 Transient absorption (green triangles) and decay component
spectra (red and blue triangles) of 0.355 mM di-(p-CNPh)4T in the
absence (a) and presence (b) of 1.76 mM PCgBM in chloroform (1e =
483 nm).

Experimental section

di-(p-CNPh)4T was synthesized as presented in our previous
work.*®

Synthesis of compound 2. DMA (4 mL), toluene (4 mL),
distilled water (0.8 mL) and 3-hexylthiophene-2-boronic acid
pinacol ester (91.6 mg, 0.311 mmol) were bubbled with argon
for 15 min. Compound 1 (100.0 mg, 0.147 mmol), Cs,CO3
(216.7 mg, 0.665 mmol) and Pd(PPhj;), (20.7 mg, 0.018 mmol)
were added to the reaction flask. The reaction mixture was
stirred and heated (110 °C) under argon for 2 h. The solvents
were evaporated and the crude product was dissolved in
toluene. The desired product was isolated as dark blue solid
(118 mg, 94%) by column chromatography (SiO-, toluene). *H
NMR (200 MHz, dichloromethane-d,) & ppm 0.82-0.94 (m,
18H), 1.26-1.43 (m, 28H), 1.65-1.72 (m, 4H), 1.90-1.97 (m,
2H), 2.85 (t, J=7.50 Hz, 4H), 4.04 (d, J=7.55 Hz, 4H), 7.01 (d,
J=5.29 Hz, 2H), 7.28-7.32 (m, 4H), 8.98 (d, J=4.15 Hz, 2H).
3C NMR (101 MHz, dchloromethane-d,) & ppm 11.0, 14.4,
14.5, 23.3, 23.8, 24.4, 29.2, 29.9, 30.3, 31.1, 31.2, 32.4, 40.1,
46.7, 109.0, 125.9, 127.2, 129.8, 130.4, 131.3, 136.6, 140.2,
142.1, 142.7, 162.3. HRMS: calcd for CsyHgoN,0,S, ([M+H]Y)
857.4242, found 857.4236.

Synthesis of compound 3. Compound 2 (110.0 mg, 0.128
mmol) was dissolved in chloroform (5.5 mL). NBS (47.8 mg,
0.269 mmol) was added to the reaction flask in one portion.
The reaction mixture was irradiated by ultrasound for 1 % h at
room temperature. The reaction mixture was filtered through a

This journal is © The Royal Society of Chemistry 2014
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thin pad of silica gel and rinsed with toluene. The solvents were
evaporated and the product was purified by column
chromatography (SiO,, toluene). Compound 3 was collected as
dark blue solid (126.5 mg, 97%). ‘H NMR (200 MHz,
dichloromethane-d,) & ppm 0.82-0.92 (m, 18H), 1.26-1.44 (m,
28H), 1.57-1.68 (m, 4H), 1.87-1.93 (m, 2H), 2.79 (t, J=7.75
Hz, 4H), 4.01 (d, J=8.31 Hz, 4H), 6.98 (s, 2H), 7.24 (d, J=4.15
Hz, 2H), 8.96 (d, J=4.15 Hz, 2H). *C NMR (101 MHz,
dichloromethane-d,) & ppm 11.0, 14.4, 14.4, 23.3, 23.8, 24.4,
29.2, 29.8, 30.3, 31.0, 31.0, 32.3, 40.1, 46.7, 109.2, 112.7,
127.6, 130.3, 132.0, 134.1, 136.5, 140.1, 141.1, 142.7, 162.2.
HRMS: calcd for CsgHg7N,0,S,Br, ([M+H]") 1013.2452, found
1013.2430.

Synthesis of compound DPP-(2TPhCN),. DMA (4 mL),
toluene (4 mL) and distilled water (0.8 mL) were bubbled with
argon for 15 min. Compound 3 (100.6 mg, 0.099 mmol), 4-
cyanophenylboronic acid (30.6 mg, 0.208 mmol), Cs,CO3
(146.9 mg, 0.451 mmol), Pd,dbaz (5.8 mg, 6.3 umol) and t-
BusP-HBF, (7.4 mg, 0.026 mmol) were added to the reaction
flask. The reaction mixture was stirred and heated (110 °C)
under argon for 3 h. The solvents were evaporated and the
product was prepurified by column chromatography (SiO,,
chloroform). The product was boiled in methanol (15 mL) for
30 min. The cooled mixture was filtered and the isolated solid
product was washed with methanol (25 mL) and n-hexane (15
mL). The procedure gave the desired product as dark purple
powder (88.2 mg, 84%). '"H NMR (400 MHz, chloroform-d) &
ppm 0.87-0.97 (m, 18H), 1.30-1.46 (m, 28H), 1.75 (quin,
J=7.59 Hz, 4H), 1.96-1.99 (m, 2H), 2.88 (t, J=7.78 Hz, 4H),
4.08 (d, J=7.53 Hz, 4H), 7.31 (s, 2H), 7.36 (d, J=4.02 Hz, 2H),
7.66-7.71 (m, 8H), 9.01 (d, J=4.02 Hz, 2H). *C NMR (101
MHz, dichloromethane-d,) 6 ppm 11.0, 14.5, 23.3, 23.8, 24.4,
29.2,30.0, 30.7, 31.0, 31.1, 31.1, 32.4, 40.2, 46.8, 109.3, 111.7,
119.3, 126.4, 127.5, 129.3, 130.3, 132.4, 133.4, 136.7, 138.5,
140.0, 1414, 141.8, 143.3, 162.1. HRMS: calcd for
CeaH75N40,S, ([M+H]Y) 1059.4773, found 1059.4772.

Computational methods. Structural and electronic properties
of the oligomer were studied using density functional theory
(DFT) in conjunction with the hybrid Becke’s three-parameter
Lee-Yang—Parr exchange-correlation functional (B3LYP)?*
and 6-31G** basis set. The optimal dihedral angles of the
oligomer were determined with relaxed potential energy surface
(PES) scans, in which one dihedral angle (at a time) was
changed at 20° intervals between 0° and 180° and the geometry
was otherwise fully optimized at each step. The information on
the optimal dihedral angles was used to build the final starting
geometry of the oligomer, which was then fully optimized in
vacuum. The final optimized ground-state oligomer geometry
was confirmed to be the minimum-energy structure by a
frequency calculation. Time-dependent DFT (TDDFT)
calculations were carried out to determine the excited-state
vertical transition energies, oscillator strengths, and the UV-Vis
absorption spectrum of the oligomer in chloroform for the first
20 excited states using the same DFT functional and the basis
set mentioned above. All the calculations were carried out with
the Gaussian 09 (Revision C.01) suite of programs®. Pictorial
presentations of the geometry and frontier molecular orbitals of
the oligomer were generated with Chemcraft 1.7%. The
contributions of molecule fragments to the molecular orbitals
were determined with the C-squared Population Analysis (C-
SPA)*.

This journal is © The Royal Society of Chemistry 2014
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Spectroscopic measurements. The steady state absorption and
fluorescence were measured by employing a UV-3600
Shimadzu UV-VIS-NIR spectrophotometer and a Jobin Yvon-
SPEX fluorolog. The fluorescence lifetimes were measured
using a time correlated single photon counting (TCSPC) system
equipped with a Picoharp 300 controller and a PDL 800-B
driver for excitation and a microchannel plate photomultiplier
(Hamamatsu R3809U-50) for detection in 90° configuration.
The excitation wavelengths were 405 nm and 483 nm and pulse
frequency 2.5 MHz. Pump-probe technique for time resolved
absorption was used to detect the fast processes with a time
resolution shorter than 0.2 ps.

Solar cell preparation. The solvents and Algs (99.995%) were
purchased from Sigma-Aldrich and used without further
purification. The solar cell samples were prepared on ITO
coated glass substrates (1.2 cm x 3.5 cm) purchased from
Solems. The zinc-acetate (Zn(OAc),-2H,0) for ZnO layer
preparation was purchased from Sigma-Aldrich. Reference
polymer, P3HT, was purchased from Rieke Metals and acceptor
PC4BM (99.0%) from Nano-C.

Solar cells were constructed on commercial ITO covered
glass substrates. The ITO layer was taped and lacquered for
aqua regia etching to achieve a patterned ITO. The etched
plates were cleaned by sonication in acetone, chloroform, SDS
solution (20 mg sodium dodecyl sulphate in 500 mL Milli-Q
H,0), Milli-Q H,0O and 2-propanol (30 min in each), in the
previously stated order, and dried under vacuum at 150 °C for
one hour. After a 10 min N, plasma cleaning procedure
(Harrick Plasma Cleaner PDG-236), a 20 nm ZnO layer was
deposited by 1 min spin-coating in WS-400B-6NPP/LITE spin-
coater from Laurell Technologies from 50 g L™ zinc-acetate in
96% 2-methoxyethanol and 4% ethanolamine solution
following the literature process.®

The photoactive layer compounds, P3HT, PCsBM/PC;,BM
and dopant molecules, were dissolved in 1,2-dichlorobenzene
(DCB) and stirred (250 rpm) overnight at 50 °C. Spin-coating
of the BHJ photoactive layer from the P3HT:PCBM:dopant
blend took 5 minutes (600 rpm) in the spin-coater under N,
flow. The spin-coated films were annealed under vacuum at
110 °C for 10 min. Buffer layer and Ag anode were evaporated
in the vacuum evaporator under ~ 3 x 10 mbar pressure. The
evaporation rate and film thickness were controlled with
evaporator crystals to deposit the desired thickness of the buffer
and ~50 nm thick Ag anode layers on top of the photoactive
layer. The cells were stored in the ambient atmosphere in the
dark before measurements and analysis.

The photovoltaic parameters were obtained and calculated
from current-voltage (I-V) curves, which were measured in the
dark and under simulated AM 1.5 sunlight illumination (50 mW
cm™®) using an Agilent E5272A source/monitoring unit. A
voltage of -0.20 V - 0.60 V was applied in 10 mV steps. The
measurements were carried out in ambient atmosphere at room
temperature without encapsulation of the devices. The cell
areas varied between 1 mm? and 2 mm? were measured by an
optical microscope (MBS-10) The illumination was produced
by a filtered Xe-lamp (Oriel Corporation & Lasertek) in the
Zuzchem LZC-SSL solar simulator. The illumination power
density was measured using a Coherent Fieldmax 11 LM10
power meter. Because a certified measuring system could not
be employed, the absolute efficiency values are not directly
comparable with the other published results. However, the
reported efficiencies and the relative efficiency changes are
comparable within the presented devices.
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Electrochemical measurements. Differential pulse
voltammetry (DPV) measurements were carried out by
employing an lIviumstat (Compactstat IEC 61326 Standard)
potentiostat and a three-electrode cell configuration to
determine HOMO and LUMO energy levels for DPP-
(2TPhCN),. The measurements were carried out using 0.1 M
TBAPF; in dichloromethane (DCM) as supporting electrolyte,
glass platinum electrode as working electrode, graphite rod as
counter electrode and platinum wire as pseudo reference
electrode. For each sample, the background was measured for
2.5 ml of the electrolyte solution after 20 min of deoxygenation
purging with N,. 100 pl of 0.5 mM sample in DCM was
inserted and the system was stabilized again by purging with
N,. Each sample was measured between -2.5 V and 2.0 V
scanning in both directions with 2.5 mV steps. Ferrocene
(Acros Organics, 98%) was used as internal standard reference
to scale the measured potentials against vacuum level®*, HOMO
and LUMO level calculations were based on the formal
oxidation and reduction potentials observed in the DPV curves
according to the following equations:
Ehomo = - (4.8 + Egirox)eV
ELumo = - (-Edif,rea + 4.8)eV,

where 4.8 eV is the oxidation energy of ferrocene. Egitox iS the
difference in volts between the formal oxidation potentials of
ferrocene and the measured sample. Egitreq is the difference in
volts between the formal oxidation potential of ferrocene and
the formal reduction potential of the sample.

Conclusions

DPP-(2TPhCN), was synthesized in order to include the DPP-
group in the center of the aryl end-capped oligothiophene, di-
(p-PhCN)T4, to broaden its absorption spectrum to the near IR-
region. DPP-(2TPhCN), and di-(p-PhCN)T4 molecules were
compared as dopant materials in inverted P3HT:PC,BM BHJ
organic solar cells. The use of DPP-(2TPhCN), molecules as
dopants in the photoactive layer increased the cell efficiency
significantly, whereas the increase in the cell efficiency with di-
(p-PhCN)T4 doping was minor. Intra- and intermolecular
interactions of the two dopant materials with the photoactive
layer components, P3HT and PC¢BM, were studied in
chloroform  solutions  using  spectroscopic ~ methods.
Fluorescence emission intensity and lifetimes of the DPP-
(2TPhCN), and di-(p-CNPh)4T dopant molecules decreased in
the presence of PCsBM, but no traces from electron transfer
processes were observed in the presence of PC¢BM. Thus, the
emissions of the dopants are quenched by an energy transfer to
PC¢BM on chloroform solutions.

The cells doped with DPP-(2TPhCN), had higher
absorbance than the non-doped reference cell. Inclusion of the
dopant molecules broadens the cell absorption to the near IR-
region, and the cells with doping absorb at wider wavelength
range than the reference cell. Thus, the dopant molecules
function as additional light absorbers in the photoactive layer.
The doped cells produced current at longer wavelengths, where
dopant molecules absorb. Therefore electron transfer from the
dopant molecules to PCgBM is possible in solid state,
supported also by the produced current of the DPP-
(2TPhCN),:PC,cBM cell. After excitation, the dopant
molecules transfer electrons to PCgBM, which increases the
cell Is. and power conversion efficiency. Emission of the cells
doped with DPP-(2TPhCN), decreased compared to the
reference cell due to electron or energy transfer from P3HT to

10 | Photochem. Photobiol. Sci., 2014, 00, x-x

dopant molecules, which further supports decreased amount of
recombinations and improved cell performance.
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