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Four donor—donor-acceptor—donor—donor (D1-D2-A-D2-D1) type small molecules (SM1, SM2, SM3 and
SM4), in which diketopyrrolopyrrole (DPP) was used as an acceptor (DPP) core and 3,4-
ethylenedioxythiophene (EDOT), triphenylamine (TPA) or alkyl thiophene (AT) acted as a donor, were
synthesized (by direct alkylation) for photovoltaic applications. The benzene flanked DPPs (SM1 and SM2)
show more limited absorption and a lower-lying HOMO energy level compared to the thiophene flanked
DPPs (SM3 and SM4, respectively), due to benzene being a poor donor compared to a thiophene moiety.
SM3 and SM4 have absorptions extending to 750 nm (in CH,Cl,) and can be regarded as low band-gap
small molecules. The inverted small molecule solar cell (using PCBM as an acceptor, and ZnO and MoOsx
as the electron and hole transporters, respectively) based on SM2 has the highest value of V.. (0.82 V)
due to SM2 having the lowest HOMO level. An SM3 based device achieves the highest value of Jg (5.56
mA cm™), due to the wide absorption profile and proper LUMO level. The poor photovoltaic
performances of SM1 and SM4 (in which D1 is a triphenyl amine group) are due to the serious self-
aggregation of the molecules in the SMx/PCBM active films. Two acceptor—donor—acceptor type (A-D—
A) molecules (SM5 and SM6) were also synthesized by Stille coupling, in which DPP and EDOT were used
as the acceptor and donor, respectively, for the structure—photovoltaic performance study. The SM5 and

SM6 films, having on-set absorption of up to 1000 nm, can also be regarded as low band-gap small
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Accepted 18th May 2017 molecules. SM5 and SM6 are structural isomers, however the inverted cell based on SM6 has a much

higher PCE than that based on SM5, due to SM6 having better solubility and a lower HOMO energy level.
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This study provides a guideline for the rational design and preparation of conjugated small molecules for
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organic solar cells.

1. Introduction

The solution processed organic solar cell is considered to be
a viable route for realizing low-cost renewable energy."* Organic
small molecules for solution processed bulk heterojunction
(BHJ) solar cells (SMSCs) have attracted significant attention
due to their well-defined molecular structures, easy purifica-
tion, small batch to batch variations in their properties, and
intrinsic monodispersity.> A large number of papers have been
published in the past several years regarding the synthesis,
device engineering, and device physics of solution-processed
SMSCs, and the devices based on small molecules have not
achieved PCEs of higher than 10%.° Further progress relies on
molecular design and advanced device processing techniques.
Diketopyrrolopyrrole (DPP), an industrial pigment with strong
m-T interaction, electron withdrawing characteristics and an
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efficient charge transport property, has emerged recently as one
of the most widely used organic building blocks to construct
molecules for organic field effect transistors (OFETs)"*° and
organic solar cells (OPVs)."*** The relatively low lying HOMO
levels make the DPP-containing molecules especially promising
candidates for applications in organic solar cells to achieve high
values of V,..2*2*

Synthesizing new molecules with high yield and low waste
for specific applications is a major challenge for the synthetic
chemist. Recently, a new synthetic approach, namely the direct
arylation (DCA) of C-H bonds, was reported for preparing DPP
derivatives.>*?® The direct C-H arylation reaction has advan-
tages over the traditional cross coupling reaction in terms of
avoiding the use of organometallic precursor reagents, higher
atom economy, fewer synthetic steps, higher yields and better
compatibility with the functional groups. As a result, DCA has
the advantages of a faster reaction rate, less expensive process
and less waste production, hence making a substantial contri-
bution to the development of sustainable chemistry.**** On the
other hand, 3,4-ethylenedioxythiophene (EDOT) shows a strong
electron donating ability. It can provide a noncovalent
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Fig. 1 Chemical structure of the DPP-based molecules SM1-6.

intermolecular interaction with the adjacent aryl units, thus
inducing the self-rigidification of the conjugated system.’**
Therefore it was used widely as an electron donating moiety to
combine with the DPP acceptor to construct push-pull or donor
acceptor (D-A) p-type organic semiconductors.**™*°

In the present work, we report the synthesis and physical
properties of six new DPP containing small molecules, SM1-6,
which were originally designed to be used in SMSCs. SM1-4,
with D1-D2-A-D2-D1 molecular architectures, were synthe-
sized by direct C-H arylation, in which triphenylamine-EDOT
or 2-ethylhexylthiophene-EDOT was used as a donating unit.
Benzene flanked DPP (DPP[Ph],) or thiophene flanked DPP
(DPP[Th],) was used as an acceptor. SM5 and SM6 (which are
isomers) have an A-D-A type molecular architecture and were
prepared by the Stille coupling reaction, in which EDOT was
used as a donor and DPP was used as an acceptor. The chemical
structures of the six molecules are shown in Fig. 1. The high
photovoltaic small p-type molecule generally has a planarized
molecular architecture, which was formed by large fused-ring
moieties or intermolecular interactions. In this paper we used
EDOT (a pseudo two dimension conjugated system®) as a donor
unit to combine with the DDP acceptor and construct a planar
small p-type molecule for SMSCs. The structure-physicochem-
ical properties—photovoltaic performance relationship of these
new compounds can provide valuable guidelines for designing
new organic electronic materials. Moreover, we also demon-
strated here that the green direct C-H arylation reaction can be
used to prepare organic compounds containing both EDOT and
DPP units.

2. Experimental section
2.1 Materials and physicochemical studies

All chemicals, unless otherwise specified, were purchased from
commercial resources and used as received. The 'H NMR and

This journal is © The Royal Society of Chemistry 2017

3C NMR spectra were recorded with a Bruker 300 MHz NMR
spectrometer using CDCl; as a solvent. The FAB-MS spectra
were obtained using JMS-700 HR-MS. The UV/Vis absorption
spectra were recorded using a Cary 300 Bio spectrometer. HPLC
grade CH,Cl, was purchased from ACROS Co. and distilled
from CaH, under an argon (Ar) atmosphere for electrochemical
study. Tetra-n-butylammonium hexafluorophosphate (TBAPF)
was recrystallized from ethanol twice and then stored in
a desiccator before use. The glassy carbon electrode was pol-
ished with 0.05 mm alumina on Buehler felt pads and ultra-
sonicated for 2 min to remove the residue contamination. A
platinum wire was used as the auxiliary electrode and the
reference electrode was a home-made Ag/AgCl (in KCl (sat’d))
electrode. The supporting electrolyte was 0.1 M tetrabutylhex-
afluorophosphate (TBAPFs) CH,Cl, solution. The square-wave
voltammograms (frequency: 25 Hz; step potential: 0.0051 V;
amplitude: 0.01995 V) were recorded using a potentiostat/
galvanostat (PGSTAT 30, Autolab, Eco-Chemie, the Nether-
lands) and ferrocene was used as a calibration standard (0.54 V
versus Ag/AgCl reference electrode).

2.2 Synthesis of SM1-SM6

SM1-4 were synthesized by the newly developed direct C-H
arylation method. SM5 and SM6 were prepared with the well-
known Stille coupling reaction. The detailed synthetic proce-
dures and structure analyses of the molecules are collected in
the ESL{

2.3 Device fabrication and photovoltaic properties
characterization

Inverted BHJ SMSCs with ITO/ZnO/SMx:PCBM/Mo0;/Ag archi-
tectures were fabricated in this study. The ITO-coated glass
substrates were cleaned by ultrasonicating in deionized water,
followed by acetone and isopropanol for 10 min each, and then
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dried under a stream of dry nitrogen. The cleaned ITO
substrates were treated with UV-ozone for 10 min. The ZnO film
was prepared from its precursor solution of zinc acetate dihy-
drate [Zn(CH3COO),-2H,0] in 2-ethoxyethanol and mono-
ethanolamine (MEA) (1:1 in volume) using the spin-coating
method in air. After spin-coating the SMx:PCBM active layer in
a glove box, a thin layer of molybdenum oxide was deposited on
top of the active layer with a high vacuum thermal evaporator at
an evaporation rate of 0.1 A s™*. Ultimately, the 100 nm silver
film was deposited on top of the molybdenum oxide layer as an
electrode. The processes (composition and fabrication condi-
tion screening) for the device fabrication and photovoltaic
property characterization are very similar to what we reported
previously, unless specified.>

3. Results and discussion

3.1 Synthesis

The bromides of phenyl flanked DPP (DPP[Ph],Br,), thienyl
flanked DPP (DPP[Th],Br,), and thienyl flanked DPPiso (DPPiso
[Th],Br) were synthesized and purified following the reported
procedures®* with slight modifications. The procedures for
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preparing SM1-4 are outlined in Scheme 1. The direct C-H
arylation reaction was performed using Pd(OAc), as a catalyst
and K,CO; as a base at a temperature of 110 °C. DPP[Ph,]
[EDOT,] and DPP[Th,][EDOT,] were synthesized by the C-H
arylation of DPP[Ph],Br, and DPP[Th],Br, in the presence of
EDOT to get yields of 38% and 44%, respectively. The molar
ratio of DPP[Ph],Br,/EDOT was controlled to be 1 : 2 to avoid
the formation of a polymer. A similar catalyst system,
combining Pd(OAc), and PCy;-HBF,, was used to proceed the
reaction between RO-TPA-Br and the DPP derivatives to obtain
SM1 and SM4 with yields of 46% and 41%, respectively. The
alkyl thiophene end capped SM2 and SM3 were prepared by
brominating alkylthiophene with the corresponding DPP unit
in dimethyl amine (DMA). The yields of SM2 and SM3 are 66%
and 62%, respectively.

SM5 and SM6 were synthesized by Stille coupling using
Pd(PPh;), as a catalyst and toluene as a solvent and using the
processes displayed in Scheme 2. The Stille coupling between
DPPiso[Th],Br and stannated EDOT afforded SM5 with a yield
of 83%. The same method was used for reacting DPP[Th],Br
with stannated EDOT to obtain SM6 (yield: 78%). The SM2, SM3
and SM6 molecules process good solubility in common organic
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Scheme 1 Synthesis of SM1-SM4 via the direct C—H arylation reaction.
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Scheme 2 Synthesis of SM5 and SM6 via the Stille coupling reaction.

solvents but the other three molecules only have fair solubility,
including chloroform, toluene, tetrahydrofuran, o-dichloro-
benzene and dichloromethane, which is attributed to the long
branched alkyl chains on the DPP unit.

3.2 Optical properties

The UV-Vis absorption spectra of SM1-6 in dichloromethane and
as a film state are displayed in Fig. 2. The optical band gaps
calculated from the onset wavelength of the absorption spectra
(in CH,Cl,) are listed in Table 1. The absorption peak at 350 to
500 nm could be attributed to the w—7* electronic transitions of
the conjugated backbone and the broad distinct peak in the
wavelength range of 500 to 800 nm arose from the intra-
molecular charge transfer transitions (ICT) between the donor
and acceptor moieties in the molecules. DPP flanked by benzene
units shows a high molar absorption coefficient with absorption
maxima at 541 nm and 529 nm for SM1 and SM2, respectively.
TPA end capped SM1 shows a broader absorption than alkyl
thiophene end capped SM2, which is because the former
contains two bulk triphenyl amine units. SM3 and SM4 exhibit
maximum absorptions at longer wavelengths (600-750 nm)
compared to SM1 and SM2, due to the fact that in general'**
diketopyrrolopyrrole (DPP) flanked with a thiophene unit has
better conjugation (it forms a more planar conformation) than
that flanked with benzene. A red shifted absorption was observed
for triphenylamine end capped SM4 (Aax = 692 nm) compared
to alkyl thiophene end capped SM3 (Aynax = 676 nm), due to
triphenylamine being a stronger donor than alkyl thiophene.
SM5 and SM6 (with an A-D-A architecture) are isomers with
the alkyl chains connected to different atoms (O or N) in the
DPP core. SM5 with one alkyl chain connected to O of the DPP
core shows an absorption maximum at 685 nm, which is red
shifted compared to that (644 nm) of the other isomer, SM6,

This journal is © The Royal Society of Chemistry 2017
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which has both alkyl chains connected to two N in DPP. The
results indicate that the substituents on the diketopyrrolo-
pyrrole backbone also affect the optical properties of the DPP
containing molecules. Surprisingly, when one of the alkyl
chains is attached to O of the ketone in DPP, the conjugation
length of the whole molecule increases. It seems that the ketone
group on DPP will disrupt the conjugation of the backbone.

The SM1-SM6 films on quartz substrates were prepared by
the drop casting method and their normalized absorption
spectra are also displayed in Fig. 2. A strong red shift is observed
in the absorption of the film samples compared to the corre-
sponding solution spectra for all molecules. In addition, the
absorption peaks of the films are also broader than those of the
solutions, providing evidence that the DPP containing mole-
cules have strong -7 stacking in the solid state. Moreover, the
absorption profiles of the SM5 and SM6 films extend to close to
1000 nm, therefore they can be regarded as low band-gap small
molecules. As expected, phenyl flanked DPP (SM1 and SM2)
shows larger E, values (1.82 eV and 1.93 eV, respectively) than
those of thienyl flanked DPP SM3 and SM4 (1.63 eV and 1.57 eV,
respectively).>® SM5 and SM6 have smaller E, values (1.57 eV and
1.55 eV, respectively, close to other A-D-A type DPP containing
molecules reported before*) than SM1-4, due to these mole-
cules containing two DPP units.

3.3 Electrochemical properties

The square-wave voltammograms of SMx molecules measured
in TBAPF¢/CH,CI, electrolyte solution are displayed in Fig. 3.
SM4 containing the strongly electron donating triphenylamine
(TPA) and easily oxidized thiophene conjugated connector has
the lowest first oxidation potential of +0.39 V. The first oxidation
peaks for SM1 (containing electron donating triphenylamine)
and SM3 (thiophene connector) are +0.59 V and +0.51 V,

RSC Adv., 2017, 7, 28788-28796 | 28791
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Fig. 2 UV-Vis absorption spectra of SM1-6 in dichloromethane and in the film state (the concentration of all molecules is 6 x 107> M).
Table 1 Optical and electrochemical properties of SM1-SM6 molecules
UV-vis absorption
AI'l"lél)( Amax Aonset
Small molecules in CH,Cl, (nm) in film (nm) 15 E1,% (V vs. Ag/AgCl) HOMO? (eV) (nm) Eo o (eV) LUMO? (eV)
SM1 369, 541 377, 559 0.59 —-5.29 681 1.82 —3.47
SM2 361, 529 362, 554 0.86 —5.56 641 1.93 —3.63
SM3 403, 676 405, 651 0.51 —5.21 757 1.63 —3.58
SM4 406, 692 392, 667 0.37 -5.07 771 1.57 —-3.5
SM5 685 709 0.64 —5.32 795 1.55 —3.77
SM6 644 689 0.80 —5.49 785 1.60 —3.89

“ FeCp,™° = +0.50 V (vs. Ag/AgCl) in TBAPF4/CH,Cl,.” The HOMO energy level was calculated from the half wave potential of oxidation according to
the empirical equation Eyomo = —(E1/2 + 4.5) V by assuming the energy level of ferrocene to be —4.5 eV below the vacuum level (E,/, (V) vs. NHE).
¢ The energy gap (Eo-o) was calculated from the onset wavelength of the UV-Vis spectrum according to the equation Egap, = 1240/ Aonset- 4 LUMO =

HOMO + E,_.
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Fig. 3 Square wave voltammograms of SM1-SM6 in CH,Cl, (elec-
trolyte: 0.1 M TBAPFg in CH,Cl,; working electrode: platinum. Scan
rate: 0.1V s™Y).

respectively, which are lower than those of the other 3 mole-
cules. Interestingly, all SM molecules have more than 1 oxida-
tion peak at a potential between +0.37-1.2 V (vs. Ag/AgCl): SM4
even has four oxidation peaks at this potential range. Therefore
besides the oxidation of the 7 electron on the molecular back-
bone, oxidation also occurs on the DPP and triphenylamine
units. SM5 and SM6 are isomers, SM5 has three oxidation peaks
but SM6 has only two peaks. The results suggest that on the DPP
unit, when the alkyl chains connect to the O atoms of the ketone
groups, the non-bonded electrons on the N of the pyrrole ring
will also be oxidized.

The energies of the highest-occupied molecular orbital
(HOMO), calculated from the first oxidation potential of the
molecules, are illustrated in Fig. 4. The LUMO (lowest-
unoccupied molecular orbital) levels were calculated from the
HOMO + E, (E, is the on-set energy of the UV/Vis absorption
spectrum (in CH,Cl,)) and both the HOMO and LUMO are also
summarized in Fig. 4 and Table 1. The benzene flanked DPP
molecules (SM1 and SM2) have HOMO levels at —5.29 eV and
—5.56 eV, respectively, whereas the HOMO energy levels of
thiophene flanked DPP (SM3 and SM4) are —5.21 eV and
5.07 eV, respectively. Comparing the HOMO levels of the SM1/
SM2 and SM4/SM3 pairs, it exhibits obviously that the mole-
cules containing TPA as an ending group have higher HOMO
levels, consistent with TPA being a stronger donor (than alkyl

2.3

347 3.5 -3.5
347 e 38 5 o

Energy (eV)

PC,BM

-5.93 eV

=

Fig. 4 Frontier orbital energy levels of SM1-6, PCg,BM as well as the
electron and hole transporting materials used in this study.
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thiophene) in leveling the HOMO energy of the molecule. The
HOMO energy levels for A-D-A type molecules (SM5 and SM6)
are —5.32 eV and —5.49 eV, respectively, due to both
compounds containing two acceptors. Furthermore, the alkyl
chain substituted on the ketone group of DPP will reduce the
band gap energy as revealed by the absorption spectra (see
Fig. 2) but it also raises both the HOMO and LUMO energy
levels, which may not be a good property since the value of V,,. of
the resulting OPV cell will decrease. Overall the LUMO energy
levels of all molecules (SM1-6) are higher than the LUMO
energy levels of PC4;BM, which was used generally as an
acceptor in organic photovoltaics, indicating that the photo-
generated excitons can efficiently dissociate at the p-type
small molecules/PCBM acceptor interface and then transport
the electron to the cathode.>”*® For applications in organic
photovoltaics (OPVs), the HOMO level of p-type molecules is
also critical, the molecule with lower HOMO may result in
lowering the value of . but increasing the value of V. of the
corresponding cell. It is a dilemma for designing p-type mole-
cules for OPV applications. However, if the HOMO level is lower
than that of the hole transporting material, (such as MoOj; in
this study), the hole cannot move to the anode through the hole
transporting layer. The data illustrated in Fig. 4 reveal that only
SM4 has the HOMO level higher than the HOMO of the hole
transporting materials. In other words, the dissociated hole
cannot transport to the anode efficiently for the cell based on
SM4.

3.4 Density functional theory (DFT) calculations

To assess the optimized molecular geometry and frontier orbital
(HOMO and LUMO) distribution of these SMx molecules,
density functional theory (DFT) calculations were carried out
using Gaussian09 at the B3LYP/6-31G* basic set, and the results
are displayed in Fig. 5. The electron density of the HOMO
distributes all over the backbone of the molecule (which
includes triphenylamine, EDOT and thiophene), whereas the
LUMO is contributed to mainly from the electron withdrawing
DPP units. A DPP moiety with strong 7-m stacking and planar
structure would synergistically reinforce the intermolecular
interaction to enhance the transport properties. The HOMO and
LUMO distributions also conclude that an effective intermo-
lecular charge transfer occurs in the SMx films, which is
consistent with the results observed in the absorption spectra in
CH,Cl, solution and film state (Fig. 2). A similar frontier orbital
distribution was observed in other DPP containing molecules
that were reported in the literature.’>***> The frontier orbital
distributions for these six molecules are very similar. Therefore,
the photovoltaic performance of these small molecules will not
be attributed to the distribution of their frontier orbitals even
SM1-4 have D1-D2-A-D2-D1 structures but the structures of
SM5 and SM6 are A-D-A type.

3.5 Photovoltaic performance

The inverted solar cells based on these SMx small molecule
donors (as well as the P3HT reference) were fabricated with
a device architecture of ITO/ZnO/SMx:PCgs;BM/Mo00O3/Al, and

RSC Adv., 2017, 7, 28788-28796 | 28793
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the current density-voltage (J-V) curves of the best performance
devices for each molecule are displayed in Fig. S1, (ESIt). The
corresponding photovoltaic data of the optimized cells are
summarized in Table 2. All cells show rather poor power
conversion efficiency (PCE) even after optimizing the composi-
tions (the donor/acceptor ratios, solvents and concentrations)
and processes (such as spin coating rate, adding additive,
solvent and thermal annealing). SM1 and SM4, having the tri-
phenyl amine group on the edge, exhibit extremely low values of
Jse of 0.2-0.3 mA ecm 2 That is why the high efficiency small
molecules recently reviewed by Nguyen® et al. contain no tri-
phenyl amine groups. This is probably due to their molecule
planarity, therefore a serious aggregation occurs at the active
layer as reported in other TPA-DPP containing molecules.>***%
We found that the SM1 (or SM4)/PCBM active film is rather
rough as observed by the naked eye. The poor film morphology
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as well as high HOMO could be the reasons for the low Jg.. As
expected, SM2 and SM6 with low HOMO levels (compatible to
MoO;, see Fig. 4) have better photovoltaic performances and
SM2 having the lowest HOMO resulted in the highest value of
Voc Of the cell. Nevertheless, the values of J,. and FF of SM2 and
SM6 based cells are much lower than those based on P3HT,
probably due to the LUMO of these two molecules not being
high enough for efficient exciton dissociation.'>*** The inver-
ted cell based on SM3 achieves the highest value of Js. but the
value of V, is lower than that for those based on SM2 and SM6,
due to SM3 having broad absorption (see Fig. 2) and the highest
LUMO, but the HOMO is also very high. SM6 although has very
broad absorption but its LUMO level is not higher enough (only
0.02 eV higher than the n-type PCBM), therefore the J,. of the
corresponding cell is not as high as that for the cell based on
SM3. SM6 and SM5 are isomers however the cell based on SM6
has much higher PCE than that based on SM5. SM5 although
has proper frontier orbitals energy level (compatible with the
electron and hole transporting layers) and broad absorption
profile but exhibits very poor photovoltaic performance. It is
because of its low solubility (in chlorobenzene or dichloroben-
zene), therefore the SM5/PCBM active film is very rough,
resulting in low PCE. Overall the highest PCE of the inverted
cells based on these SMx molecules is only about 1%.

4. Conclusion

In conclusion, we have synthesized four D1-D2-A-D2-D1 type
DPP containing small molecules, SM1-4, using an effective
direct C-H activation reaction, which has the advantage of easy
purification and few synthetic steps. DPP-containing SM5 and
SM6, which have an A-D-A structure, were synthesized by the
Stille coupling reaction. All molecules were designed for appli-
cation in bulk heterojunction small molecule solar cells
(SMSCs). The physicochemical properties of these small mole-
cule donors revealed that a change of the terminal group or DPP
core impacts their solubility, and their optical and electro-
chemical properties. All molecules showed broad absorption

Table 2 Device characteristics of the solar cells based on SMx molecules®

Donor SMx/PCg:BM Annealing temperature
(D) ratio (w/w) (°C) Jse (MA cm™?) Vo (V) FF (%) PCE (%)
SM1 1:1 As-spun 0.21 0.73 29.24 0.04
SM2 1:3 As-spun 2.83 0.78 29.68 0.65
80 3.13 0.73 33.28 0.76
100 2.88 0.82 29.72 0.70
120 3.02 0.81 29.97 0.73
SM3 3:1 As-spun 2.3 0.49 37.46 0.42
80 2.57 0.54 38.28 0.53
100 2.87 0.53 35.64 0.54
120 5.56 0.53 34.35 1.01
SM4 1:1 As-spun 0.32 0.44 27.81 0.04
SM5 1:1 140 1.04 0.66 26.27 0.18
SM6 1:1 As-spun 2.72 0.54 43.5 0.67
140 3.78 0.63 43.75 1.04
P3HT 1:1 140 7.83 0.62 69.92 3.39

“ Solvent: chlorobenzene; concentration of SMx: 2 wt%; spin rate: 500-1000 rpm, 60 s; additive (DIO) is not good for this donor system.
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and (besides SM4) the HOMO and LUMO energy levels were
suitable to be used as p-type molecules for PCBM based organic
photovoltaic devices. However, due to the relatively low lying
LUMO and serious self-aggregation, the highest PCE of the best
performance molecules was only ca. 1%. Nevertheless, the
results clearly demonstrate that the DPP unit represents an
interesting building block for the design of push—pull mole-
cules with various optical and electronic properties.
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