
10.1021/ol202242j r 2011 American Chemical Society
Published on Web 09/13/2011

ORGANIC
LETTERS

2011
Vol. 13, No. 19
5362–5365

Panchromatic Push�Pull Chromophores
based on Triphenylamine as Donors for
Molecular Solar Cells

SandraG�omezEsteban, Pilar de laCruz,AnaAljarilla, LuisM.Arellano, andFernandoLanga*

Instituto de Nanociencia, Nanotecnologı́a y Materiales Moleculares (INAMOL),
Universidad de Castilla-La Mancha, 45071-Toledo, Spain

Fernando.Langa@uclm.es

Received August 18, 2011

ABSTRACT

Two new push�pull chromophores based on triphenylamine as donor and 2-carboxymethyl-2-cyanomethylenethiazole as acceptor have been
synthesized. Both exhibit strong light absorption covering from 300 to 800 nm. Electrochemical studies show HOMO�LUMO gaps of 2.01 and
1.54 eV, making, together with the panchromatic absorption, these systems promising materials in the field of molecular photovoltaic devices.

The conversion of sunlight into electrical energy has
activated increasing research in recent years, particularly in
organic photovoltaics. In this context, smallmolecules are an
appealing alternative to polymers in bulk heterojunction
(BHJ) solar cells, as it has been demonstrated that these sys-
tems can be solution processed, achieving efficiencies com-
parable to polymer systems.1 Small molecules show several
potential advantages including defined structure, easier pur-
ification, higher charge mobilities than polymers, and high
molecular extinction coefficients. These facts permit limiting
the thickness of the active layer or a more straightforward
analysis of the relationship between chemical structure and
device performance than that for polymers.2 Among the
different classes of material used to this end,1 push�pull
chromophores (an electron donating and an electron with-
drawingmoiety separated by a π-bridge) are very effective at
producing lowband gapmaterials andparticularly attractive
are molecules based on triphenylamine (TPA),3 reaching

efficiencies up to 2.39%;4moreover, introduction of electron
acceptor groups in TPA systems leads to the broadening of

the absorption spectrum, reduction of the optical gap, and

decrease of theHOMOlevel.5 In this context, the synthesis of

newpush�pull dyesbasedonTPAhas showngreatpotential

in the field of molecular photovoltaic devices.4

Figure 1. Structure of the new dyes 1 and 2.

(1) Walker, B.; Kim, C.; Nguyen, T. Q. Chem. Mater. 2011, 23, 470.
(2) (a) Roncali, R. Acc. Chem. Res. 2009, 42, 1719. (b) Bouit, P. A.;

Villegas, C.; Delgado, J. L.; Viruela, P. M.; Pou-Amerigo, R.; Ortı́, E.;
Martı́n, N. Org. Lett. 2011, 13, 604.

(3) (a) Roquet, S.; Cravino, A.; Leriche, P.; Aleveque, O.; Frere, P.;
Roncali, J. J. Am. Chem. Soc. 2006, 128, 3459. (b) He, C.; He, Q.; Yang,
X.;Wu,G.; Yang, C.; Bai, F.; Shuai, Z.;Wang, L.; Li, Y. J. Phys. Chem.
C 2007, 111, 8661. (c) He, C.; He, Q.; Wu, G.; Bai, F.; Li, Y. SPIE Proc.
2007, 6656, 66560Z. (d)He, C.; He,Q.; Yi, Y.;Wu,G.; Bai, F.; Shuai, Z.;
Li, Y. J.Mater. Chem. 2008, 18, 4085. (e) Zhao, G.;Wu, G.; He, C.; Bai,
F.-Q.; Xi, H.; Zhang, H.-X.; Li, Y. J. Phys. Chem. C 2009, 113, 2636.

(4) Zhang, J.; Yang, Y.; He, C.; He, Y.; Zhao, G.; Li, Y. Macro-
molecules 2009, 42, 7619.

(5) Ripaud, E.; Olivier, Y.; Leriche, P.; Cornil, J.; Roncali, J. J. Phys.
Chem. B 2011, 115, 9379.



Org. Lett., Vol. 13, No. 19, 2011 5363

In this communication we report the synthesis and the
optical and electrochemical properties of two new push�
pull molecules based on TPA and 2-carboxymethyl-
2-cyanomethylenethiazole moiety (Figure 1), with narrow
HOMO�LUMO energy gaps, that appear to be promising
molecules for molecular bulk heterojunction solar cells.
The synthesis of the two target molecules 1�2 was

performed according to Scheme 1, starting with the pre-
paration of the thiazole 3 from 2-oxo-2-phenylethylthio-
cyanate6 andmethylcyanoacetate in 78% yield. Thiazole 3
exists predominantly as its tautomer 30, similarly to its
analog dicyanomethylene derivative.7 1 and 2 were pre-
pared by the acetic anhydride mediated condensa-
tion reaction of 3 and 30 with the commercially available
4-(diphenylamino)benzaldehyde and 5-(4-(diphenylamino-
phenyl)thiophene-2-aldehyde8 inmoderate yields (58%and
27%, respectively) as dark blue solids.
All compounds were satisfactorily characterized by 1H-

and 13C NMR, FT-IR and MALDI-MS spectrometry (see
Supporting Information for synthetic details and character-
ization). Both dyes were unstable in the presence of strong
acidswhentracesofwaterwerepresent,probablyduetoaretro-
Knoevenagel reaction; otherwise, both dyes were stable.
The optical and electrochemical properties of 1 and 2

have been analyzed by UV�vis absorption spectroscopy,
fluorescence emission spectroscopy and cyclic (CV) and
Osteryoung (OSWV) voltammetries (Table 1).
The UV�vis absorption spectrum of compound 1, re-

corded in dichloromethane (Figure 2 and Table 1), exhibits
an intense absorption band in the visible region with max-
imum at 599.0 nm (log ε = 4.61); on the other hand, com-
pound2presentsanabsorptionalong thewholevisible region,
withmaximumat623.0nm(logε=4.55).Thisbathochromic
shift with respect to 1 can be explained by the more extended
conjugation due to the presence of the thiophene ring.
When compared with the spectra of the corresponding

precursors (the thiazole 3 and the corresponding precursor

aldehyde, see Figure S7, Supporting Information), it is
clear that these broad absorption bands can be assigned
to the intramolecular charge transfer (CT) from the N,
N-diphenylaminomoiety (actingasdonor) to themethoxy-
carboxylcyanomethylene substituted thiazole ring (acting
as acceptor), behavior that is already observed in related
push�pull compounds.9,10

Scheme 1. Synthetic Route to Chromophores 1 and 2

Figure 2. Normalized UV�vis absorption spectra of com-
pounds 1 (black) and 2 (red) in dichloromethane.

Figure 3. Energy transitions of the low energy band for dyes 1
(9) and 2 (2) vs Taft constant of solvents.
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For both compounds 1 and 2, a positive solvatochro-
mism, up to 46 nm for 1 and 37 nm for 2, is observed by
increasing the solvent polarity (Table S1, Supporting
Information), confirming the CT character of this band;
moreover, we found a good correlation (correlation coefi-
cient >0.99) of the maxima with the Kamlet�Taft π* con-
stants11 (Figure 2 and Table S2, Supporting Information).
The slope (S) of theKamlet�Taft equation (E=Eoþ Sπ*)
ishigher, inabsolutevalue, for1 (S=4.4) than for2 (S=3.6)
(Figure 3 and Table S3, Supporting Information), indicat-
ing a higher polarizability of 1 and, consequently, better
conjugation between the TPA moiety and the 2-carboxy-
methyl-2-cyanomethylenethiazole acceptor unit.

Fluorescence emission spectroscopy was employed to
get information about the excited state-solvent interac-
tions (Figure 4). The results are reported in Table S1
(Supporting Information). Analogously to λmax, the λem
values of 1 and 2 present a large sensitivity to solvent
polarity (Figure 5 and Figure S9, Supporting Information).
For example, in cyclohexane and dichloromethane,

1 and 2 emit at 681 and 806 nmrespectively. This sensitivity
to solvent polarity is a characteristic behavior of a photo-
induced intramolecular charge transfer. Additionally, the
Stokes shift is larger for 2 than for 1 (see Table S1,
Supporting Information), suggesting a larger dipolar
moment in the excited state than in the ground state.12

The redox properties of 1 and 2 were investigated
through CV and OSWV in o-dichlorobenzene-acetonitrile
(4:1), (Table1,FiguresS10andS11,SupportingInformation).
In the cathodic side, both compounds show a first rever-
sible oxidationwave (at 0.45V (1) and 0.37V (2) vs Fc/Fcþ),
assigned to the TPA moiety (this assignment is consistent
with the oxidation potential of TPA-CHO). For com-

pound 2, the conjugation of the TPA with the thiophene

group lead to a decrease of the Eox value by 60 mV res-

pective to 1. A second irreversible oxidation wave is ob-

served at 0.80 V for 2. On the reduction side, both com-

pounds show an irreversible wave at 1.26 V (1) and 1.17 V

(2). The EHOMO values (calculated with respect to ferro-

cene as reference, EHOMO: �4.8 eV13) were determined as

�5.25 eV for 1 and �5.17 eV for 2. The HOMO�LUMO

gaps, electrochemically determined, are as narrow as 2.01

and 1.54 eV, respectively; these values illustrate that the

interest of these materials, as a low energy gap, together

Table 1. Data of UV�Vis, Fluorescence Emission Spectroscopies, and OSWV for 1 and 2

λmax (nm)a log (ε)a λem (nm)b E1
red (V)

c E1
ox (V)

c EHOMO (eV)d ΔE (eV)e

1 419�599 3.79�4.61 723.0 �1.26 0.45 �5.25 2.01

2 351�623 4.32�4.55 805.0 �1.17 0.37 �5.17 1.54

a 10�5 M, in dichloromethane. b 10�5 M, in dichloromethane, λexc = 599 nm (1) and 623 nm (2). c [10�3 M] in o-DCB-acetonitrile (5:1) versus versus
Fc/Fcþ, glassy carbon, Pt counter electrode, 20 �C, 0.1 M Bu4NClO4, scan rate = 100 mV s�1. dCalculated respecting to ferrocene, EHOMO: �4.8 eV.
eEstimated from the difference between E1

ox and E1
red.

Figure 4. Normalized UV�vis absorption (black) and fluores-
cence emission (red) spectra of compound 2 in dichloromethane
(10�5 M) (Δλ = þ182.5 nm).

Figure 5. Emission spectra of compound 1 in cyclohexane
(black), Diethyl ether (blue) and dichloromethane (red).
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with low-lying LUMO level, appears to be the route to

higher efficiency organic solar cells.14

The structures of 1 and 2 have been optimized using
DFT-B3LYP 6-31G with Gaussian 03W. The π-system is
almost coplanar as the dihedral angles between the amino-
phenyl group (in 1) or the thiophene (in 2) and the thiazole
ring are 6.9� and 5.6�, respectively. The dihedral angle
between the aminophenyl group and the thiophene (in 2)
is 15.5�; moreover, the bond distances thiophene�methine
and methine�thiazole in 1 (Figure 6, top) differ only by
∼0.05 Å, suggesting the partially quinoid character. These
angles and distances are similar to the data afforded by
X-ray crystallography study in related compounds,10b con-
firming the intramolecular charge transfer (vide supra).

As expected, the HOMO is delocalized along the
π-conjugated system with an important contribution of
the TPA while the LUMO is mainly located on the
2-carboxymethyl-2-cyanomethylenethiazole moiety. Thus,
the HOMO to LUMO electronic transition has a strong

intramolecular charge transfer character. The calculated
HOMO and LUMO energies in the gas phase are �5.33
and �2.97 eV for compound 1 (Figure S12, Supporting
Information) and 5.25 and �3.21 eV for compound 2

(Figure S13, Supporting Information).
In conclusion, two new push�pull chromophores based

on triphenylamine as donor and 2-carboxymethyl-2-cya-
nomethylenethiazole as acceptor have been synthesized.
These compounds exhibit strong panchromatic absorption
in the visible spectrum and show some absorption in the
near-infrared region due to the existence of charge transfer
bands; these molecules show positive solvatochromism
with a good correlation between the energy of the transi-
tion and the Kamlet�Taft π* constants. Electrochemical
studies showHOMO�LUMOgaps as lowas 2.01 and 1.54
eV, respectively, making these systems, together with the
broad absorption on the visible region, promising materi-
als in the field of molecular photovoltaic devices. More-
over, the hydrolysis of the ester group can, in the future,
afford interesting materials as photosentitizers attached to
TiO2 in dye sensitized solar cells (DSSC). The synthesis of
new members of this family of compounds as well as
investigations on the photovoltaic properties of these
noticiable materials is in progress.
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Supporting Information Available. Synthetic proce-
dures and characterization for new compounds, including
1HNMR, 13CNMR andMALDI-TOF spectra. UV�vis
and fluorescence spectra, Taft constants of solvents and
molecular orbitals for 1 and 2. This material is available
free of charge via the Internet at http://pubs.acs.org.

Figure 6. Geometry of compounds 1 (top) and 2 (bottom)
optimized with Gaussian 03W at the DFT-B3LYP 6-31G level
of theory.


