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Comparative Studies on Optical, Redox, and Photovoltaic
Properties of a Series of D-A-D and Analogous

D—A Chromophores

André Zitzler-Kunkel, Martin R. Lenze, Tobias Schnier, Klaus Meerholz,*

and Frank Wiirthner*

A series of new symmetrical donor-acceptor-donor (D—A-D) dyes based on
s-indacene-1,3,5,7(2H,6H)-tetraone as an acceptor unit containing varying
electron donating moieties and analogous donor-acceptor (D—A) chromo-
phores with indane-1,3-dione as an acceptor are synthesized. By employing
these two sets of dyes, the influence of a scaffold change from unsymmetric
push-pull (D—A) to symmetrical (D—A-D) systems on optical, electrochem-
ical, and photovoltaic properties are explored. Detailed comparative studies
reveal favorable optical characteristics and considerably decreased bandgaps
for the D—A-D dyes compared to those of the reference D—A chromophores.
Accordingly, the evaluation of the present dyes as donor materials in bulk
heterojunction (BH)) solar cells in combination with fullerene derivatives
PC¢,BM or PC;;BM as acceptors afforded significantly improved performance
for devices based on D—A-D blends (up to a factor of 4 compared to the
respective D-A reference) with power conversion efficiencies of up to 2.8%. In
less polar solvents such as toluene, some of the novel D-A—D chromophores
exhibit unexpectedly high fluorescence quantum yields @, of up to unity, in
striking contrast to their weakly fluorescent D-A counterparts.

in combination with the soluble fullerene
derivative  [6,6]-phenyl-C;;-butyric  acid
methyl ester (PC;,BM) in a bulk hetero-
junction (BHJ)B! architecture afforded
organic solar cells (OSC) reaching power
conversion efficiencies (PCE) exceeding
9%.14 Although in this regard conju-
gated small molecule-based OSCsP! still
lag behind their polymeric counterparts,
the simple synthesis and purification,
monodispersity, tunability of optical and
electronic as well as solubility properties,
and potential vacuum processibility have
stimulated intense research efforts in the
development of small molecule materials.
However, in contrast to polymeric semi-
conductors with alternating (-D-A-),
framework, for small molecules the ques-
tion arises how to properly combine the
donor and acceptor subunits in the molec-
ular scaffold to achieve desired material

1. Introduction

Over the past decade m-conjugated low band gap organic mol-
ecules have gained a great deal of attention as highly attractive
organic electronic materials.'! In the field of organic photovol-
taics, which is a prominent sector of organic electronic mate-
rials, immense research efforts have been devoted to the design
of new co-polymers with (~D—A-), backbone based on such
m-conjugated molecules comprising alternating electron-rich
(donor D) and electron-deficient (acceptor A) units.[?) The use
of tailored state-of-the-art narrow band gap polymeric donors
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properties.

Indeed, in the recent years the search for
new small molecule-based donor systems resulted in the devel-
opment of a large variety of promising organic materials with
different donor-acceptor subunit combinations. For example,
symmetrical acceptor-donor-acceptor (A—D—A)l and few donor-
acceptor-donor (D-A-D),[%7] sophisticated A—D—A’~D-A® and
D-A-D’-A-D," as well as unsymmetrical D-A'% and D-A-A"['1]
systems have been achieved with PCEs approaching those of poly-
meric pendants. For such photovoltaic materials the use of pro-
minent chemical frameworks, e.g. oligothiophene, /48! triaryla-
mine,’><1112] - diketopyrrolopyrrole,’? BODIPY,3! isoindigol®
as well as squaraine,!¥ and more recently dithienosilole® and
benzodithiophenel® structural units have been reported.

The use of above-mentioned electron donating and accepting
groups in molecular semiconductors evokes an effective
internal charge transfer and leads to increased conjugation
along the molecular n-scaffold, imparting the desired broad
absorption profiles and narrow band gaps. In principle, these
desired optical and electronic features could be achieved by
application of simple D—A (push-pull) chromophores such as
merocyanines.[’] Along this line our particular interest in the
last few years has been devoted to the design of merocyanines
with tailored HOMO/LUMO levels, which we could place
among the top-performing small molecule donor materials!'%

wileyonlinelibrary.com 4645

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201400455

-
™
s
[
-l
wd
=
™

4646 wileyonlinelibrary.com

despite their inherent dipolarity, which is considered to hamper
the charge carrier transport according to the Bissler model.l'*!
The rather unexpected high performance of merocyanine donor
materials in OSCs could be rationalized in terms of the forma-
tion of centrosymmetric dimers!'”! with canceled out dipole
moments on the supramolecular and device level.l®!

We anticipate that the alteration of the molecular backbone
of merocyanine from a D-A (push-pull) to symmetrical D—
A-D scaffold would give rise to a significant loss of inherent
dipolarity on the molecular level and an expansion of the
m-conjugation. Both aspects are considered to be advantageous
for material properties.

Remarkably, there is an apparent lack of comparative studies
of D-A-D and analogous D—A systems exploring the influence
of scaffold alteration on molecular and photovoltaic properties.
Moreover, only few symmetrical D-A-D dyes with semicon-
ducting properties have been reported to date.l®®”] Thus, we
have synthesized a series of new symmetrical D—A-D chromo-
phores 1-3 based on s-indacene-1,3,5,7(2H,6H)-tetraone as
central acceptor unit and analogous unsymmetrical D—A dyes
4-6 (for structures, see Scheme 1) with indane-1,3-dione as
acceptor, and investigated their optical, electrochemical and
photovoltaic properties. Our comparative studies with these
two sets of compounds indeed reveal a substantial, up to four-
fold increase of the PCE values for solution-processed D—
A-D:PCBM (i.e. PC;;BM and PC;BM) devices compared to
those of D—A analogues. By thorough optimization of D—A-D
donor based devices a PCE as high as 2.8% could be achieved.

2. Results and Discussion
2.1. Synthesis

The D-A-D dyes 1-3 (further denoted as tetraone dyes) with
central indacene-1,3,5,7-tetraone electron accepting unit were
synthesized by a Knoevenagel condensation reaction of CH-
acidic indacene derivative 101! with the respective aldehyde-
functionalized electron-rich building blocks 7-9 in 31 to 56%
yields (Scheme 2). The reference D—A chromophores 4,2% and
6121 are literature known, while 5 was synthesized according
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Scheme 2. Synthetic route to tetraone dyes 1-3.

to the procedurel??! reported for an analogous compound. The
new tetraone dyes 1-3 were characterized by common spectro-
scopic and analytical techniques. They were obtained as a 1:1
mixture of cis and trans isomers as revealed by NMR spectros-
copy (for details see the Supporting Information, Figure S1 and
S2). The detailed synthetic procedures and characterization
data are reported in the Experimental Section.

2.2. Optical Properties

The absorption and emission characteristics of the dyes 1-6
have been investigated by UV-vis and fluorescence spec-
troscopy. The UV-vis spectra in dilute dioxane solution (¢ =
10~ M) are displayed in Figure 1, and the significant optical
properties are summarized in Table 1. The D-A-D com-
pounds 1 and 2 bearing aminothiophene and indoline as donor
moieties, respectively, exhibit a comparatively sharp, intense,

Scheme 1. Chemical structures of D-A-D (1-3) and D-A (4-6) molecules studied in this work.
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Figure 1. UV-vis absorption spectra of the D—A-D dyes 1 (black solid

line), 2 (black dashed line), 3 (black dotted line) and the respective D-A

dyes 4 (grey solid line), 5 (grey dashed line) and 6 (grey dotted line) in
dioxane (c=1x 107 M at 25 °C).

cyanine-like absorption band culminating at 585 nm and 561
nm, respectively, with an additional vibronic shoulder at shorter
wavelengths, while the phenylamine-containing dye 3 shows
a broader absorption profile without vibronic fine structure,
exhibiting an absorption maximum at A,,,, = 553 nm. Similar
spectroscopic changes were observed for the corresponding
D-A chromophores 4-6 containing the same donor units.
Notably, a substantial red-shift (70-85 nm) of the absorption
maxima is observed for the tetraone dyes 1-3 compared with
the respective push-pull dyes 4-6, which might be explained by
the increased conjugation length in the D—A-D structures.*!
Moreover, the tetraone chromophores exhibit significantly
higher (2-3 fold) molecular absorption coefficients compared to
those of the corresponding D—A dyes at the absorption max-
imum reaching values of up to €= 3.4 x 10° M~' cm™ for 2.
Since the absorption strength of a dye is strongly dependent
on its molar mass and the broadness of its absorption profile,
we have determined the absorption density y?,; M7/1%] of these
dyes (pag = transition dipole moment) which is directly related
to the chromophores tinctorial strength (see Table 1). Indeed,
the increased conjugation length in the molecular scaffold of
tetraone dyes resulted in a considerable increase of their absorp-
tion densities (10% for 1 and 22% for 2 and 3, respectively) com-
pared to those of the respective D—A chromophores 4, 5 and 6.
Next, we have studied the fluorescence properties of the
present series of chromophores in dioxane.?®l The push-pull

www.afm-journal.de

dyes 4 and 6 are nonfluorescent (fluorescence quantum yield
D, < 0.001) in this solvent, while the indoline-donor-based
dye 5 shows weak green light emission with a quantum yield
of @.,, = 0.03. Notably, the scaffold transformation from the
unsymmetric D-A to the symmetrical D-A-D systems results
in a significant enhancement of @, by more than one order
of magnitude, reaching @, = 0.06 for 1, @.,, = 0.30 for 3,
and even up to @, = 0.90 for 2. Similar effect has previously
been reported for triphenylamine-thienylenevinylene hybrid
systems.”’] Moreover, the symmetric tetraone dyes 1-3 show
smaller Stokes shifts than the unsymmetric respective counter-
parts 4-6 (Table 1), suggesting a rigidification of the D—A-D
chromophore backbone that impedes conformational changes
and vibronic coupling between ground and first excited state
and hence attaining increased tinctorial strength and emission
properties of the D-A-D chromophores.

To acquire more insight into the strikingly different
emission behavior of the tetraone dyes compared to that of
D—-A references, we have performed further experiments by
steady-state and time-resolved fluorescence spectroscopy for
the most fluorescent tetraone dye 2 and its push-pull ana-
logue 5 in solvents of different polarity. The data shown in
Table 2 reveal that the fluorescence quantum yield of tetraone
2 is strongly influenced by the permittivity (g;) of the solvent.
In solvents of low polarity such as toluene and dioxane (g, =
2.38 and g, = 2.21, respectively) it exhibits quantum yields
of almost unity (®@.,, = 1.00 in toluene and @, = 0.90 in
dioxane). However, with increasing permittivity of the sol-
vents @, decreases significantly, and finally in the highly
polar DMF (g, = 36.71) dye 2 is essentially nonfluorescent
(Table 2). In agreement with the quantum yields, the fluores-
cence lifetime (7.,,) of tetraone 2 decreases from 1.8 ns in the
nonpolar toluene to below the system’s resolution (<0.5 ns)
in solvents of higher polarity. We calculated the radiative
and nonradiative rate constants k, and k,, from @, and 7.,
(see Table 2). While k, is essentially constant in all solvents
studied here, k,, increases with increasing solvent polarity
by two orders of magnitude. Thus, the decrease of @, with
increasing solvent polarity originates from the enhancement
of k,, which indicates a fluorescence quenching pathway via
a charge transfer state that is energetically favored by polar
environments. 28]

In striking contrast to tetraone dye 2, the fluorescence
quantum yield of the respective dione acceptor based D—A dye

Table 1. Optical properties of the investigated chromophores 1-6 in dioxane.

Dye Ao Im] £ M cmi] 4g/M?) [D? molg] R[] ., Agiopes [nm]
1% 585 286000 0.24 596 0.069 11
49 512 116000 0.22 548 <0.001 36
25 561 337000 0.27 571 0.909 10
59 492 113000 0.22 511 0.039 19
3b) 553 209000 0.28 582 0.309 29
69 482 82000 0.23 529 <0.001 47

?)For the determination of the transition dipole moment ,, by integration of &(), see the Supporting Information; ®Fluorescence standard: N,N’-di(2,6-diisopropylphenyl)-

1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide in chloroform;

D, = 0.96;24 IFluorescence standard: N,N’-di(2,6-diisopropylphenyl)-perylene-

3,4:9,10-tetracarboxylic acid bisimide in chloroform; @, = 1, @, +0.01; 9 d,,, + 0.03.
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Table 2. Solvent dependent absorption and emission properties of D—A-D dye 2.

Solvent (&) Amax [nm] Aem [nm] Astokes [NM] Pem Tem [5]”) k [s7° ko [s7']9
Dioxane (2.21) 561 571 10 0.90°) 13 7.1x108 6.1x107
Toluene (2.38) 561 572 i =1.007 1.8 5.6x108 <5.6 x 106"
CHCl; (4.89) 572 584 12 0.20°) 0.6 3.3x10% 1.3x10°
THF (7.58) 566 578 12 0.378) 0.7 53 x10% 9.0x 108
CH,Cl, (8.93) 573 584 11 0.08" <0.5 >1.6 x 108 >1.3x10°
DMF (36.71) 575 — — =0.00" <0.5 >2.0x 107) >2.0%x 10
AThe permittivity values (&) of the solvents are taken from ref [30]; ®'7.., £ 0.2 ns; Ok, = Doy Tem ' Vkny = (1= Do) Tem 3 9 Py  0.03; D, £ 0.01; O D, + 0.02; "Value
calculated using @, > 0.99; 'Value calculated using @, < 0.01.
5 is almost independent of the solvent polarity with @, values A
of around 0.04 in all applied solvents (see Table S1 in the Sup- 1 LUMO
porting Information). Accordingly, this dye shows solvent-inde- -3.0 334
pendent fluorescence lifetimes below 0.5 ns, impeding the cal- 1 '
culation of the k, and k,,, values. The low fluorescence quantum -3.51 -3.69
yield of molecule 5, even in less polar solvents, is in accordance 404
with those measured for many other D-A dyes.?’! In general it > )
. . . N o g
is assumed for this class of dyes that torsional vibrations and/ — _ 4.5 =
or rotations around the C—C bonds of the polymethine chain w ] o

=
are responsible for the quenched fluorescence. Nevertheless, -5.04 N
the strikingly different fluorescence properties of D—A-D dye 1
2 raise doubts about this interpretation and motivate further -5.5 1
studies by time-resolved spectroscopy. Although the smaller -5.60 —9.56 576 -5.74 574
Stokes shift and the more cyanine-like spectral shape of -6.0 oy =579 ™

D—-A-D dye 2 may be taken as evidence for a reduced confor-
mational flexibility and accordingly higher rigidity of D—A-D
dye 2 compared to D-A dye 5.

2.3. Electrochemistry and Energy Levels

Cyclic voltammetry (CV) measurements were performed in
dichloromethane/NBu,PF4 using Fc/Fc* redox couple as an
internal standard to determine the oxidation and reduction
potentials of the dyes 1-6. The data were transformed into
frontier molecular orbital (FMO) energy levels vs. vacuum (see
Figure 2)BY and compared to the optical gap calculated from
the absorption wavelength, yielding reasonably good agreement
(see Table S2 in the Supporting Information).

Similar electron donor strength of indoline-dimethine and
aminophenyl moieties in compounds 5 and 6 is reflected in
their identical HOMO energies of —5.74 eV vs. vacuum. In
contrast, the increased electron donating propensity of the
amino-thienyl unit in dye 4 results in an increase of the HOMO
energy by ca. 0.2 eV compared to that of 5 and 6, respectively.
The LUMO energies are very similar in all three dyes 4-6, indi-
cating negligible influence of the donor moieties.

In the D-A-D dyes 1-3 the HOMO energy barely varies
compared to the respective D—A counterparts 4-6, thus the
predominant contribution to the reduction of the optical gap
comes from a reduction of the LUMO level (by 0.33 — 0.42 eV)
due to the introduction of a stronger central acceptor unit.
In view of photovoltaic properties, the lowerlying LUMO
levels of D-A-D dyes should not be disadvantageous since

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. FMO energy levels and band gap (solid area) of dyes 1-6 and
their relative position to the LUMO of PCgBM.

the remaining offset relative to the LUMO level of the used
fullerene acceptors (-3.91 eV)B2 still constitutes a sufficient
driving force for charge carrier separation.!'?

2.4. DFT Calculations

Quantum chemical DFT calculations were performed to gain
further insights into the effect of scaffold change on the elec-
tronic properties of the molecules. In Figure 3 the electron
density distributions of the HOMO and LUMO of the chromo-
phore pair 3 and 6 are shown as an example (for all other
computed structures see Figure S11 in the Supporting Infor-
mation). The electron densities of the HOMOs of both D-A-D
and D-A systems are predominantly localized on the donor
moiety, releasing the HOMO energy independent of the applied
acceptor unit. Furthermore, it is obvious from Figure 3 that the
central part of the tetraone is barely involved in the HOMO,
i.e. the dye appears to be composed of two independent mero-
cyanine subunits. Accordingly, this analysis provides a rationale
for the almost identical HOMO levels (Figure 2) of the respec-
tive D-A-D/ D—A pairs 1/4, 2/5 and 3/6. In contrast, the elec-
tron densities of the LUMOs are distributed over the entire
molecule. In view of this finding, the enlarged scaffold of

Adv. Funct. Mater. 2014, 24, 4645-4653
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LUMO

Figure 3. HOMO and LUMO electron density distribution (Turbomole
V5.10; RIDFT/ B3LYP; basis sets: TZVP/TZV) of dyes 3 (left) and 6 (right).
For simplicity, butyl chains are replaced by methyl groups.

tetraone compared with push-pull chromophores should lead to
an extension of the conjugation length and hence a shift of the
LUMO level to lower energies, which was indeed observed (see
Figure 2). Thus, the DFT calculations are in accordance with
the experimental results and confirm the effect of scaffold mod-
ification on the frontier molecular orbital energies.

www.afm-journal.de

2.5. BH]) Solar Cells

Finally, the impact of scaffold change from D—A to D-A-D sys-
tems on the photovoltaic performance has been investigated
by using the dyes 1-6 as donor materials in solution-processed
BH]J solar cells. For these studies, the D-A-D compounds
1-3 were used as a 1:1 mixture of cis and trans isomers as
obtained by the respective synthesis. Employing two different
fullerene acceptors, PCq;BM and PC;BM, and two different
hole-collecting contacts (HCC), PEDOT:PSS and molybdenum
oxide (MoO;), afforded four series of OSC. The general device
architecture was glass/ITO/HCC/active layer/Ca/Ag. Details
about device fabrication and characterization are provided in
the Experimental Section. The fabricated solar cells were opti-
mized regarding the active layer thickness and dye:fullerene
ratio. An active layer thickness of about 50 nm with fullerene
content of approximately 70 wt% was found to produce best
devices, except for dye 1 that exhibited better efficiency at a
lower fullerene content (50 wt%, see Figure S20 and S21 in the
Supporting Information).

The characteristic solar-cell parameters of the four device
series are compiled in Table 3. In agreement with earlier results,
the use of MoO; as HCC instead of PEDOT:PSS generally leads
to an increase of the open-circuit voltage (Vqc), accompanied by

Table 3. Characteristic solar cell parameters for devices glass/ITO/HCC/dye 1-6:PCyBM/Ca/Ag under simulated AM1.5G illumination intensity of

100 mW ecm™2.

Dye Wt% PC,BM HCC Voc V] Jsc [mA cm™?] FF PCE [%]
1 50 (X=61) PEDOT:PSS 0.69 5.14 0.36 1.28
4 70 (X=161) PEDOT:PSS 0.61 2.36 0.32 0.45
2 70 (X=161) PEDOT:PSS 0.68 5.32 0.35 1.27
5 70 (X=161) PEDOT:PSS 0.67 2.16 0.29 0.41
3 75 (X=161) PEDOT:PSS 0.64 3.62 0.57 1.32
6 70 (X=61) PEDOT:PSS 0.53 2.13 0.26 0.29
1 50 (X = 61) MoO, 0.83 5.61 0.47 2.21
4 70 (X = 61) MoO, 0.74 2.50 036 0.66
2 70 (X = 61) MoO, 0.95 5.75 0.42 2.30
5 70 (X = 61) MoO, 0.75 2.50 0.32 0.60
3 75 (X =61) MoO; 0.89 3.16 0.67 187
6 70 (X = 61) MoO, 0.83 2.96 0.34 0.85
1 50 (X=71) PEDOT:PSS 0.71 5.72 0.37 1.49
4 70 (X=71) PEDOT:PSS 0.63 3.61 0.30 0.69
2 70 (X=71) PEDOT:PSS 0.67 6.09 0.33 1.35
5 70 (X=171) PEDOT:PSS 0.68 2.82 0.28 0.54
3 75 (X=71) PEDOT:PSS 0.34 2.39 0.31 0.25
6 70 (X=171) PEDOT:PSS 0.54 2.51 0.24 0.33
1 50 (X=71) MoO; 0.84 6.39 0.49 2.61
4 70 (X=71) MoO; 0.74 4.00 0.39 1.15
2 70 (X=171) MoO; 0.94 7.16 0.41 2.81
5 70 (X=71) MoO; 0.77 3.41 0.32 0.83
3 75 (X =71) MoO; 0.28 2.75 0.28 0.22
6 70 (X=71) MoO; 0.80 3.82 033 1.00
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an increase of the fill factor (FF), while the short-circuit current
(Jsc) varies non-systematically; these findings are commonly
attributed to the more favorable energy level alignment of the
low-lying HOMO level of the dyes with the high work function
metal oxide®* and a reduced contact resistance.’*l Similarly,
the use of PC;;BM instead of PC4;BM as acceptor in the active
layer generally leads to an increase of Jsc while Vo and FF are
little affected; this is commonly attributed to the higher absorp-
tion coefficient of PC5;BM.[2l

Devices based on the new tetraone dyes 1-3 are consistently
more efficient by a factor of 2—4 than those based on the refer-
ence dyes 4-6 (an exception is dye 3 in combination with the
fullerene PC;;BM, which will be discussed separately below).
This improvement of the photovoltaic performance results
from the strong increase of FF and Jsc, which can be ascribed
to the following aspects:

(i) The absorption of dyes 1-3 is considerably higher compared
to that of reference compounds 4-6 (compare Table 1).

(ii) The bathochromic shift of the absorption in 1-3 results in
a better spectral overlap with the solar spectrum and thus
enhances harvesting of solar photons.

(iii) Due to the reduced dipolar character of 1-3, the charge car-
rier mobilities of electrons and holes in devices based on
these donor materials should be more balanced.

(iv) The dyes 1-3 generally show improved film forming prop-
erties as compared to the references 4-6. As a result, the

J/ mAcm™
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fill factors FF are slightly increased. Devices based on
3:PC¢;BM exhibit an outstanding FF of 0.57 and even 0.67
on PEDOT:PSS and MoO; as HCC, respectively, due to a
more favorable active layer morphology. Unfortunately, in
the case of 3:PC,;BM coarse separation of the phases dra-
matically reduces the device performance (see Figure S22 in
the Supporting Information).

The J-V characteristics of the optimized BH]J solar cells with
dyes 1-6 are depicted in Figure 4a and c. For the optimized
device with dye 1 as donor significantly improved PCE of 2.61%
was observed (compared to 1.15% for the reference compound
4; Table 3). Dye 2 exhibited even better performance with a PCE
of 2.81% (compared to 0.83% for the reference compound 5).
For dye 3 Vo and FF were improved to 0.89 V and 0.67, respec-
tively, but accompanied by a reduction of Jsc to 3.16 mA cm™2
leading to a power conversion efficiency of only 1.87% (com-
pared to 0.85% for the reference compound 6 under identical
conditions).

The external quantum efficiency (EQE) spectra of solar cells
based on dyes 1-6 are shown in Figure 4b and d. Devices with
1 and 2 exhibit appreciable photoconversion efficiency in the
spectral range from 350 to 680 (1) and 650 nm (2), respectively,
with two maxima of 30% at 380 nm and 49% at 630 nm for 1
and 38% at 370 nm and 56% at 590 nm for 2, reflecting the dye
absorption in the thin films (Figure 1). Due to the absence of

b) 60
50 A
40 ,

304 A

% EQE

]
1 . .
1 L c
204 . S
b PN .
I

0+~ . . . :
300 400 500 600 700 800
A/ nm

d)  60-
50-
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30-

% EQE

204 /)

104 / \

0 T T T T |
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Al nm

Figure 4. (a,c) J-V response and (b,d) EQE spectra of optimized BH) solar cell devices based on D—A-D dyes 1-3 (a,b) and reference D—A dyes
4-6 (c,d) measured under simulated AM1.5G solar illumination (100 mW cm=2): 1 (black solid line, 50 wt% PC;;BM), 2 (black dashed line, 70 wt%
PC;;BM), 3 (black dotted line, 75 wt% PCqBM), 4 (grey solid line, 70 wt% PC;,BM), 5 (grey dashed line, 70 wt% PC;;BM) and 6 (grey dotted line,

70 wt9% PC,1BM).
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PC;;BM and the inherently lower Jsc with PCqBM, the opti-
mized device with 3 reveals rather low quantum efficiency with
a maximum of 28% at 550 nm.

3. Conclusion

The molecular properties (optical, electronic) of symmetrical
D-A-D chromophores 1-3 with indacene-1,3,5,7-tetraone as
electron accepting central unit markedly differ from those of
analogous D—A dyes 4-6. The tetraones 1-3 exhibit ca. 80 nm
red-shifted, sharp absorption bands with increased tinctorial
strength compared to those of references 4-6. Therefore, these
dyes exhibit some similarity with more common cyanine and
squaraine dyes. To our surprise, these D—A-D dyes feature dis-
tinctly enhanced photoluminescence properties in nonpolar
solvents which warrants further investigations. The LUMO
delocalization over the whole molecule of tetraone chromo-
phores leads to ca. 0.3 eV shift to lower energies compared to
the LUMO levels of the reference push-pull chromophores,
whereas the HOMO levels remained almost unchanged com-
pared to their D—A counterparts. According to this, it is inter-
esting to consider the arising properties of (—-D—A-), polymers
composed of tetraone acceptor units. In such polymers the
LUMO should be much more delocalized than the HOMO
which might lead to n-type semiconducting polymers, which
are still very rare compared to their p-type counterparts. BHJ
solar cells with D—A and D-A-D donors show little effect on
the Voc but a strong increase of Jsc and FF for D-A-D dyes
due to their extended absorption to the NIR region, leading to
up to four-fold increase of the PCE for D—A-D:PCBM blends.
The optimized solar cells based on D—A-D donors afforded
PCE as high as 2.81%. Our detailed comparative investigations
reveal that the molecular scaffold change from push-pull to
symmetrical donor-acceptor-donor system is a promising con-
cept to improve the material properties for luminescence and
photovoltaic applications.

4. Experimental Section

Materials and Methods: All solvents and reagents were purchased from
commercial sources and used as received without further purification,
unless otherwise stated. Column chromatography was performed using
silica gel 60M (0.04-0.063 mm) from Macherey-Nagel. 'H and *C NMR
spectra were recorded on Bruker Advance 400 or Bruker Advance DMX
600 and calibrated to the residual solvent peak. All chemical shifts &
are in ppm. High-resolution mass spectra (ESI) were recorded on an
ESI MicrOTOF Focus spectrometer from Bruker Daltonics. Elemental
analyses were performed on a CHNS 932 analyzer (Leco Instruments
GmbH, Ménchengladbach, Germany).

Synthesis of 1: D-A-D dye 1 was synthesized by stirring a mixture
of s-indacene-1,3,5,7(2H,6H)-tetraone (200 mg, 0.93 mmol) and
5-(dibutylamino)thiophene-2-carbaldehyde (7; 447 mg, 1.86 mmol) in
acetic anhydride (2 mL) at 90 °C for 30 min. After cooling down to room
temperature, 2-propanol and n-hexane were added to the mixture. The
precipitated solid was collected by suction and washed successively with
2-propanol, toluene and n-hexane. The crude product was purified by
column chromatography (silica, DCM/MeOH 100:2). After precipitation
from DCM solution by adding 2-propanol/n-hexane (1:4) and drying in
vacuum the pure product was obtained in 31% yield (189 mg, 0.29 mmol)
as a red solid; Mp. 253-254 °C; '"H NMR (CD,Cl, 400 MHz, §): 7.95 (s,
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2H), 7.70 (s, 2H), 7.62 (d, ] = 4.8 Hz, 2H), 6.28 (d, J = 4.8 Hz, 2H), 3.53
(t, ] = 7.8 Hz, 8H), 1.79-1.70 (m, 8H), 1.49-1.38 (m, 8H), 1.00 (t, J =
7.4 Hz, 12H); 3C NMR (CD,Cl,, 101 MHz, §): 190.1, 190.0, 189.1, 189.0,
173.8,150.4, 146.5, 146.3, 145.4, 145.2, 136.1, 123.5, 115.0, 114.2, 114.0,
113.8, 109.2, 54.3, 29.7, 20.6, 14.0; UV—vis (CH,Cl): Arae (€) = 598 nm
(280000 M~ cm™); HRMS (ESI) m/z: [M]* calcd for C3zH4N,0,S,,
656.2737; found, 656.2734; Anal. caled for C3gH4N,0,S,-0.5 H,0O:
C 68.54, H 6.81, N 4.21, S 9.63; found: C 68.42, H 6.85, N 4.22, S 9.47.

Synthesis of 2: This dye was synthesized using (E)-2-(1-hexyl-3,3-
dimethylindolin-2-ylidene)acetaldehyde (8) as a starting material
according to the same procedure described above for compound 1.
Yield: 403 mg (0.56 mmol, 56%), red solid; Mp. 326-328 °C; '"H NMR
(CD,Cl,, 600 MHz, §): 8.13 (d, J = 14.2 Hz, 2H), 8.02-7.96 (m, 2H), 7.56
(d,J = 14.3 Hz, 2H), 7.40-7.33 (m, 4H), 7.23-7.17 (m, 2H), 7.07 (d, J =
7.9 Hz, 2H), 4.01 (t, ) = 7.5 Hz, 4H), 1.92-1.82 (m, 4H), 1.74 (s, 12H),
1.55-1.32 (m, 12H), 0.91 (t, J = 7.1 Hz, 6H); 3C NMR (CD,Cl,, 151
MHz, ): 190.6, 190.6, 189.8, 189.7, 175.6, 146.7, 146.4, 145.1, 144.8,
142.7,142.3,141.4,128.5,124.6, 122.4,117.1,114.3, 113.9, 113.5, 110.3,
97.7, 49.2, 44.4, 31.7, 28.7, 27.2, 27.0, 22.9, 14.1; UV-vis (CH,Cl,):
Amax (€) =573 nm (312000 M~" cm™); HRMS (ESI) m/z: [M]* calcd for
CygH5,N,04, 720.3922; found, 720.3926; Anal. caled for CygHs5,N,O4: C
79.97, H 7.27, N 3.89; found: C 79.67, H 7.33, N 3.85.

Synthesis of 3: This dye was synthesized using 4-(dibutylamino)
benzaldehyde (9) as a starting material according to the same procedure
described above for compound 1. Yield: 460 mg (0.71 mmol, 36%),
dark red solid; Mp. 346 °C; 'TH NMR (CD,Cl,, 400 MHz, §): 8.55 (bs,
4H), 8.28-8.20 (m, 2H), 7.77 (s, 2H), 6.77 (d, J = 9.4 Hz, 4H), 3.45
(t, ) = 7.9 Hz, 8H), 1.72-1.62 (m, 8H), 1.47-1.36 (m, 8H), 1.00 (t, J
= 7.4 Hz, 12H); 3C NMR (CD,Cl,, 151 MHz, §): 190.5, 190.4, 188.6,
188.5, 153.8, 148.3, 147.4, 147.1, 145.1, 144.8, 139.3, 122.8, 122.2,
116.2, 116.1, 116.0, 112.1, 51.6, 29.9, 20.7, 14.1; UV-vis (CH,Cl)):
Amax (€) =579 nm (215000 M~" cm™); HRMS (ESI) m/z: [M]* calcd for
CyH4gN,0O4, 644.3609; found, 644.3609; Anal. caled for CuHygN,Oy
C 78.23, H 7.50, N 4.34; found: C 77.96, H 7.67, N 4.46.

Synthesis of Reference 5: This dye was synthesized from (E)-2-(1-
hexyl-3,3-dimethylindolin-2-ylidene)acetaldehyde (8) and indane-1,3-
dione according to the procedure described in the literaturel?? for a
similar compound. The product was purified by successive column
chromatography (silica gel) with dichloromethane/methanol (100:1) and
toluene/ethyl acetate (9:1). Yield: 520 mg (1.30 mmol, 38%), red solid;
Mp. 197-198 °C; 'H NMR (CD,Cl,, 400 MHz, &): 8.12 (d, J = 14.1 Hz,
1H), 7.84-7.74 (m, 2H), 7.64-7.58 (m, 2H), 7.51 (d, J = 14.1 Hz, TH),
7.35-7.30 (m, 2H), 7.18-7.12 (m, TH), 6.97 (d, J = 8.0 Hz, TH), 3.95
(t, J = 7.6 Hz, 2H), 1.89-1.80 (m, 2H), 1.73 (s, 6H), 1.52-1.29 (m, 6H),
0.89 (t, J = 7.0 Hz, 3H); 3C NMR (CD,Cl,, 101 MHz, §): 192.2, 191.2,
174.6, 143.1, 142.3, 142.0, 141.4, 140.7, 133.7, 133.4, 128.6, 124.1, 122.4,
121.8, 121.4,117.1, 110.0, 96.8, 49.0, 44.3, 31.9, 29.0, 27.19, 27.16, 23.0,
14.1; UV—vis (CH,Cly): Ay (€) =497 nm (114000 M~! cm™); HRMS (ESI)
m/z: [M]* caled for Cy;H9NO,, 399.2193; found, 399.2189; Anal. calcd for
CyyHpsNO,: C 81.17, H 7.32, N 3.57; found: C 81.47, H 7.59, N 3.53.

Optical ~ Spectroscopy:  For all  spectroscopic measurements,
spectroscopic grade solvents (Uvasol) from Merck (Hohenbrunn,
Germany) were used. UV—vis spectra of the synthesized compounds
were recorded on Perkin Elmer UV-vis spectrometers Lamda 950,
Lamda 35, or Lamda 40P. Fluorescence spectra were recorded
with a PTI QM-4/2003 instrument under ambient conditions. The
fluorescence quantum yields were determined by optical dilution
methodB® (Abs < 0.05) using N,N’-di(2,6-diisopropylphenyl)-1,6,7,12-
tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide? (., =
0.96 in CHCl3) for all D-A-D dyes or N,N’-di(2,6-diisopropylphenyl)-
perylene-3,4:9,10-tetracarboxylic acid bisimide®?’ (®,,, = 1 in CHCl3) for
D-A dyes as references. Lifetimes were determined with a PTI GL3330
nitrogen laser and a GL302 dye Laser. Evaluation of the fluorescence
decay curves was performed with PTI Felix32 software.

Cyclic Voltammetry (CV): The cyclic voltammetry measurements were
performed on a standard, commercial electrochemical analyzer (EC
epsilon; BAS Instruments, UK) in a three electrode single-compartment
cell in an argon atmosphere. Dichloromethane (HPLC grade) was dried
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over calcium hydride in an argon atmosphere and degassed prior to
use. The supporting electrolyte NBu4PFs was synthesized according
to literature,! recrystallized from ethanol/water, and dried in high
vacuum. The measurements were carried out under exclusion of air
and moisture at a concentration of approximately 2.5 X 10 M with
ferrocene as an internal standard for the calibration of the potential.
Working electrode: Pt disc; reference electrode: Ag/AgCl; auxiliary
electrode: Pt wire.

Device Fabrication and Characterization: All solar cell devices were
fabricated on commercial indium-tin oxide (ITO) coated glass. The
ITO was etched with FeCl;/HCI solution and subsequently cleaned
using chloroform, acetone, mucasol detergent and de-ionized water
in ultrasonic bath. As next, the ITO substrates were exposed to
ozone for 10 minutes and immediately coated with poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (Clevios Al 4083,
Heraeus; ca. 35 nm). Afterwards, the samples were heat treated for
2 minutes at 110 °C to remove residual water and transferred into a N,
glove box for the fabrication of devices and measurements. For devices
with MoOs as hole collecting contact, 15 nm of MoO; (Alfa Aesar,
99.95%) were deposited on the precleaned ITO substrates by thermal
evaporation. The dyes, PC4;BM (299.5%, Nano-C) and PC;;BM (299%,
Nano-C) were separately dissolved (10 mg mL™" each) in chloroform
(299.8%, Sigma Aldrich). The solutions were mixed with specific
volumes to give the desired donor:acceptor weight ratio. Film thickness
was adjusted by regulating the rotation speed for spin-coating. The
substrates were transferred to a high-vacuum chamber where the top
electrodes were evaporated. Here, a 4 nm thick Ca (99.5%, Alfa Aesar)
layer and subsequently a 150 nm thick Ag (99.9%, Alfa Aesar) layer were
deposited through a mask. On each substrate, seven solar cells with an
active area of 0.0785 cm? are obtained.

The J-V characteristics of the solar cells were measured using a
Keithley 2425 source measurement unit with simulated AM1.5 sun
light provided by a filtered Xe lamp. The intensity of 100 mW cm™ of
the light was determined by using a calibrated inorganic solar cell from
the Fraunhofer Institute for solar research (ISE) in Freiburg, Germany
and a reference P3HT:PCBM cell measured by the same institute.
No spectral mismatch factor was included in the calculation of the
efficiency. The EQE measurements were performed using an Oriel QE/
IPCE Measurement Kit. EQE spectra have been corrected for intensity
dependence according to a method described by Janssen et al.*®l Js.
values calculated by integrating the product of EQE spectra and AM1.5
spectrum were found to match measured Jsc values within 5%. Layer
thicknesses were determined with a Dektak surface profiler (Veeco).
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Supporting Information is available from the Wiley Online Library or
from the author.
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