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Conjugated small-molecule azomethines for photovoltaic applica-
tions were prepared via Schiff base condensation chemistry. Bulk
heterojunction (BHJ) devices exhibit efficiencies of 1.2% with MoO, as
the hole-transporting layer. The versatility and simplicity of the
chemistry is illustrated by preparing a photovoltaic device directly
from the reaction mixture without any form of workup.

Most of the conjugated materials used in organic electronics are
synthesized using time-consuming Suzuki-, Wittig-, or Heck-
type coupling reactions. These chemistries often make use of
expensive transition metal catalysts, require stringent reaction
conditions, and extensive product purification.

In order to offer a more economic route towards organic
photovoltaic materials we are currently exploring azomethines
(-CH=N-) as the conjugated linker unit. The azomethine bond
is isoelectronic to the vinyl bond and possesses similar opto-
electronic and thermal properties.** Besides that, azomethines
offer significant advantages over vinylenes as they can be
prepared using Schiff base condensation chemistry under near
ambient reaction conditions. Expensive catalysts are not
required and water is the only by-product.® The first photovol-
taic devices based on poly(azomethine)s were published by
Hindson et al. (PCE ~ 0.12%)° and Iwan et al. (PCE to ~0.31%).”
The reported conjugated poly(azomethine)s are only moderately
soluble and therefore difficult to process.*® Small-molecules, on
the other hand, have the advantage of having a higher solubility,
a well-defined molecular structure, and no batch-to-batch vari-
ations. Recent results have shown that conjugated small
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molecules can compete successfully with their polymeric
counterparts.'®**

For this study we have synthesized two azomethine-based
small molecules via a simple condensation reaction (Fig. 1).

4-Aminotriphenylamine (TPA, 1) was reacted with two
conjugated dialdehydes. 2,5-Thiophenedicarbaldehyde (Th, 2a)
was used since thiophenes have been studied extensively and
possess good charge transport properties.”> Besides that, both
materials are readily available from commercial sources.
4,7-Bis(5-formylthiophen-2-yl)-2,1,3-benzothiadiazole (TBT, 2b)
was used because it is a strong electron-accepting moiety and
this yields a bipolar donor-acceptor-donor molecule with a
small bandgap and thus a larger overlap with the solar spec-
trum." In addition TBT is known to possess high mobilities and
good film-forming abilities.***> The reaction was performed in
chloroform and p-toluenesulfonic acid was used as a catalyst.
The products (3a,b) were precipitated, and treated with diluted
triethylamine to neutralize the protonated azomethine bond.
The small molecules were obtained in good yields (>80%) and
characterized using 'H and '>C NMR, FTIR, and mass spec-
trometry where possible. Detailed synthetic procedures and
characterization of the small molecules and their intermediates
are available in the ESLt

The thermal properties of the new molecules were assessed
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). Both small molecules show excellent
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Fig. 1 Synthesis and molecular structures of the small-molecule
azomethines.
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thermal stabilities with degradation temperatures (T4*”) above
350 °C (ESI Fig. S1 and Table S17). Comparing TPA-Th-TPA to its
vinyl analogue, we found that the degradation temperature is
approximately 40 °C higher,"” confirming the superior thermal
stability of azomethines. DSC experiments showed that both
TPA-Th-TPA and TPA-TBT-TPA exhibit a glass transition
temperature (T,) at 86 and 114 °C, respectively (ESI Fig. S2 and
Table S17). TPA-Th-TPA also showed a cold crystallization exo-
therm during the second heating at 143 °C. Both small-mole-
cules melt above 200 °C and form isotropic melts, as was
confirmed by hot-stage optical microscopy.

Absorption spectra of the small-molecules were recorded in
solution (ESI Fig. S3t) and in the solid state (Fig. 2a) and the
data are summarized in Table 1. The absorption peak around
310 nm can be ascribed to the triphenylamine moiety and is
found for both TPA-X-TPA small-molecules. The push-pull
character of TPA-TBT-TPA results in a large redshift (95 nm) of
the absorption onset as compared to TPA-Th-TPA. In addition,
TPA-TBT-TPA exhibits an extra absorption maximum at 400 nm,
which was also observed in its vinyl analogue.’® The molecular
extinction coefficients at the most red-shifted absorption
maxima were calculated to be on the order of 10* M™" em™".
TPA-TBT-TPA displays the highest molar extinction coefficient
(Table 1). The absorption spectra of the small-molecules in the
solid state show no large shifts as compared to the solution
spectra (Table 1). The bandgap of the small-molecules could be

1.2 = TPA-Th-TPA
—v—TPA-TBT-TPA
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Fig. 2 UV-Vis absorption spectrum and computational study of the
small-molecules. (a) Normalized UV-vis absorption spectra of TPA-X-
TPA small molecules in the solid state. (b) and (c) DFT-calculated
(CAM-B3LYP/6-31G*) Kohn-Sham HOMO level for the TPA-Th-TPA
molecule: (b) Shows the small-molecule in the neutral state where the
HOMO is delocalized over the entire molecule. (c) Protonation of the
azomethine nitrogen-atom interrupts conjugation and enforces
localization of the HOMO to the non-protonated part of the molecule.
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estimated from the onset of the absorption spectra. Comparing
the absorption maxima with those of their vinyl analogues, a
redshift for TPA-Th-TPA was observed (21 nm), while TPA-TBT-
TPA shows a 22 nm blue shift."»'® Halochromatic behaviour was
observed when the azomethine solutions were acidified and is
described in the ESI (Fig. S41). Photoluminescence spectra were
measured both in the solid state and in solution (ESI Fig. S57).
However, the photoluminescence is very weak, which indicates
fast non-radiative decay channels.>"”

The electrochemical properties of the small-molecules in
solution were investigated using cyclic voltammetry. Contrary to
the azomethines reported by Gasiorowski et al.,'®* we found that
oxidation of our azomethines is reversible (ESI Fig. S77).
However, when applying a higher potential (>1.2 V) the small-
molecules are oxidized to their 2+ form, and this second
oxidation appears to be irreversible. It is well-known from
literature that oxidation of triphenylamines results in the
formation of a cationic radical, which can dimerise via the para-
position.”** The highest occupied molecular orbital (HOMO)
energy levels of the small-molecules were determined by
measuring the oxidation onset of the first oxidation and were
found to be around —5.3 eV below vacuum (ESI Fig. S8t). The
electron-donating triphenylamine moiety of the molecule is
dominating the contributions to the HOMO energy level,
explaining the similar HOMO energy levels (Table 1). The rela-
tively deep HOMO energy levels are expected to result in a fairly
high V,. and good oxidative stability. The lowest unoccupied
molecular orbital (LUMO) energy levels were estimated by
combining the optical bandgap with the obtained HOMO
energy level. The LUMO energy level, which is dominated by
contributions from the electron accepting part of the molecules,
was significantly lower for TPA-TBT-TPA as compared to TPA-
Th-TPA due to the strong acceptor unit (Table 1 and ESI
Fig. S8t). The azomethine moiety slightly deepens the HOMO
energy level compared to the vinyl and fully aromatic analogues,
which are about 0.1-0.3 eV higher."* This is attributed to the
electron-withdrawing nature of the azomethine functionality.

PEDOT:PSS, which is most commonly used as the anode
layer in OPVs, is acidic and could potentially protonate the
azomethine functionality of our small-molecule azomethines.*
Density functional theory (DFT) calculations were carried out to
study the effect of protonation of the azomethine linker and are
described in the ESI.T ?* The calculations indicate that proton-
ation breaks the symmetry and enforces localization of the
HOMO, which results in a lowering of the HOMO energy by

Table 1 Summary of the optoelectronic properties of TPA-X-TPA small-molecules

UV-vis solution® UV-vis film®

Amax € )\max AOHSCt Egc oni.onset HOMOd LUMOe
Compound [nm] [10°M ' em™] [nm] [nm] [eV] V] [ev] [ev]
TPA-Th-TPA 306, 467 3.6 314, 463 565 2.19 0.85 —5.32 —3.13
TPA-TBT-TPA 306, 389, 520 5.6 310, 400, 538 660 1.88 0.79 —5.26 —3.36

@ Measured in dichloromethane. ? Spincasted from chloroform. ¢ Estimated from the onset of the absorption spectrum of the film, 1240/Aopget.
4 Determined by cyclic voltammetry, with Fc/Fc' at 4.8 €V below vacuum. ¢ Estimated by subtracting the bandgaps from the HOMO energy levels.
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approximately ~2 eV (Fig. 2 and ESI $9-S1271) while the LUMO
level shows a downward shift in energy by more than 3 eV. This
suggests that upon protonation of the azomethine linker at the
PEDOT:PSS interface, energy barrier states for holes and well
states for electrons are formed. This can be detrimental for hole
extraction and can also lead to enhanced recombination.

As protonation could limit the device performance, we
compared the photovoltaic device characteristics of a conven-
tional device (ITO/PEDOT:PSS/TPA-TBT-TPA:[60]JPCBM/LiF/Al)
with a device where the acidic PEDOT:PSS was replaced by
neutral molybdenum oxide (MoO,) (ESI Table S37). Replacing
PEDOT:PSS with MoO,. increases the efficiency from 0.35% to
0.42%, which could be attributed to an increase in voltage from
0.45 V to 0.68 V (ESI Table S3t). Also the lower work function of
MoO, (between 5.3 and 5.7 eV while PEDOT:PSS is approxi-
mately 5.0 eV) could explain the higher voltage as a result of
better energy alignment and higher driving force.*® Annealing at
70 °C further improved the device performance (ESI Table S4+)
up to 0.65%; annealing at a temperature of 100 °C or higher
destroyed the devices. The use of [70]JPCBM resulted in an
additional increase in efficiency up to 1.15% (ESI Tables S5, S6
and Fig. $147), which is ascribed to the absorption of [70]PCBM,
resulting in higher currents. The influence of the hole-blocking
layer, annealing temperature and time, and type of fullerene
were investigated for TPA-TBT-TPA and the optimal conditions
were also used to prepare the TPA-Th-TPA devices (Table 2,
Fig. 3a).

As expected from the absorption spectra, TPA-TBT-TPA,
which has the smallest bandgap and thus the best overlap with
the solar spectrum, shows a higher current. However, because

Table 2 Summary of the characteristics of photovoltaic devices with
ITO/MoO,/TPA-X-TPA:[70]PCBM (1 : 2)/LiF/Al configuration after
annealing at 70 °C

Compound Jo" [mAcem™®] Vo [V] FF[%] PCE [%)]
TPA-Th-TPA? 3.73 0.83 39 1.21
TPA-TBT-TPA® 4.50 0.75 34 1.15
TPA-Th-TPA (one-pot)’  2.60 075 31 0.60

“ Jsc was calculated by integrating the EQE spectrum with the AM1.5G
spectrum under bias. ”? After annealing for 30 minutes. ° After
annealing for 5 minutes.
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Fig. 3 Device performance of small-molecule BHJ solar cells. (a) J-V
characteristics and (b) EQE spectra of small-molecule bulk hetero-
junction solar cells based on TPA-X-TPA:[70]PCBM using MoO, as
hole blocking layer after annealing.
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of the slightly higher open-circuit voltage and fill factor (FF)
TPA-Th-TPA shows the best power conversion efficiency (PCE).
The high open-circuit voltages up to 0.83 V are in agreement
with the fairly low-lying HOMO energy levels. All devices show a
strong voltage dependence, i.e. significantly higher currents
were obtained under reverse bias. This indicates that charge
carriers are formed, but are not extracted under working
conditions, which can be explained by a low charge carrier
mobility and/or a poor morphology. The poor fill factors also
hint towards unbalanced charge transport, which is likely
attributed to the limited mobility of azomethines when pro-
cessed under these conditions. The vinyl analogues of TPA-Th-
TPA and TPA-TBT-TPA have been published by other groups and
show PCEs of 0.34% and 0.26%, respectively after optimiza-
tion,*'® which is significantly lower than 1.21% and 1.15%
found for the azomethine analogues published herein. Also a
TPA-TBT-TPA analogue where the TPA moieties are directly
connected to the TBT core without a vinyl or azomethine bond
has been published and reached a PCE of 1.3% after extensive
device optimization using [70]PCBM, which is only slightly
higher compared to the azomethine we report.

The external quantum efficiency (EQE) spectra of the devices
coincide with the peaks in the absorption spectra of the small-
molecules (Fig. 3b), indicating that excitons created in the
small-molecules are separated into charges at the interface with
PCBM. Using [70]PCBM instead of [60]PCBM resulted in slight
broadening of the absorption spectrum and an overall increase
of the EQE to 30% (ESI Fig. S171). The absorption maximum
around 310 nm was not observed in the EQE spectrum, which is
explained by the absorption of the ITO substrate and MoO,.**

The film morphology of the small-molecule:[70]PCBM active
layers was investigated using transmission electron microscopy
(TEM). Both active layers show an amorphous film with PCBM
islands on the order of 2-3 nm (ESI Fig. S161). These domains
are relatively small; the use of a different solvent or a co-solvent
might induce a stronger phase separation, which is expected to
improve the device performance.

Condensation chemistry is very convenient for the synthesis
of conjugated small-molecule azomethines. Besides the
molecular components and a suitable solvent no other reagents
or catalysts are required and water is the only side product. To
demonstrate the simplicity and ease of this chemistry, we
prepared a device by spincoating the reaction mixture without
any form of workup or purification. For this, 2,5-thio-
phenedicarbaldehyde (2a, Th) and two equivalents of 4-amino-
triphenylamine (1, TPA) were stirred overnight in dry
chloroform at 60 °C. The next day the resulting deep
orange solution was diluted to the required concentration and
[70]PCBM was added prior to spincoating the active layer. The
device showed a PCE of 0.60%, demonstrating that “one-pot”
synthesized azomethines can be used as donor material in
organic photovoltaic devices (Table 2 and ESI Fig. S15t). The
lower efficiency might be explained by the presence of unreac-
ted functional groups, which are known to act as charge traps,
and/or protonation of the azomethine bond. The EQE spectrum
of the “one-pot” synthesized TPA-Th-TPA device coincides with
that of the devices prepared using the conventional method,

This journal is © The Royal Society of Chemistry 2014
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indicating that in both cases charge transfer from TPA-Th-TPA
was obtained (ESI Fig. S187).

In conclusion, two conjugated small-molecule azomethines
were synthesized via Schiff base condensation chemistry. The
small-molecules both exhibit reversible oxidation behaviour, a
fairly deep lying HOMO energy level, and a bandgap between
1.9 and 2.2 eV. Photovoltaic devices based on MoO, as the hole-
transporting layer performed better when compared to
PEDOT:PSS, which is mainly attributed to an increased voltage.
Both small-molecules showed efficiencies around 1.2% with
[70]PCBM as the electron acceptor. TPA-Th-TPA performed
slightly better (PCE of 1.21% with a J,. of 3.7 mA cm ™2, V. of
0.83 V, and FF of 39%) after post annealing. Both azomethine-
based devices outperform their vinyl analogues, indicating that
azomethines are promising candidates for organic photovoltaic
applications. We also demonstrated that this chemistry enables
the fabrication of OPV devices directly from the reaction
mixture without any product workup. These devices showed a
PCE of 0.6%. Because azomethine chemistry is easy, clean and
proceeds under near ambient conditions we believe that this
approach has the ability to reduce materials and production
costs of organic photovoltaic devices.
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