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One step synthesis of D-A-D chromophores as active materials for organic solar 

cells by basic condensation

Victorien Jeux, Olivier Segut, Dora Demeter, Théodulf Rousseau, Magali Allain, Clément Dalinot,

Lionel Sanguinet, Philippe Leriche*, Jean Roncali

MOLTECH - Anjou UMR CNRS 6200, Groupe systèmes conjugués linéaires, University of Angers, 2 boulevard Lavoisier, 49045 Angers, France

Donor-Acceptor-Donor conjugated systems are synthesized in good yield by double condensation of

aromatic aldehydes of triarylamines with 2,3-diaminomaleonitrile under microwave activation with

trifluoroacetic acid as catalyst. The electronic properties of the compounds are investigated and dis-

cussed and a first evaluation of their potential as donor material in organic photovoltaic cells is

presented.

1. Introduction

Over the past few years, many molecular conjugated chromo-

phores combining electron donor (D) and acceptor (A) blocks have

been designed and synthesized as active materials for organic solar

cells (OSC) [1]. In particular solution-processable symmetrical

systems D-A-D or A-D-A or even more complex structures such as

D-A-D-A-D have attracted particular interest [2,3]. Intensive multi-

disciplinary research effort has rapidly generated impressive pro-

gresses and power conversion efficiencies (PCE) in the range of

8.0e9.0% have been reported for solution-processed bulk hetero-

junction (BHJ) organic solar cells by combining extended chromo-

phores of advanced structures with soluble derivatives of C70

fullerene and specific additives [3].

However, such highly efficient molecules generally combine

complex structure, high molecular weight and multi-step syn-

theses with limited overall yield. Recently several papers have

discussed the key issues regarding the future industrial produc-

tion of OSCs and underlined the necessity to limit the overall

economic cost and environmental impact of the synthesis of

active materials while taking care of the possibility of up-scaling

the syntheses [4].

Some recent works have demonstrated the possibility of syn-

thesizing D-A or D-A-D systems by means of more environmental

friendly methods such as click chemistry [5] or basic condensations

[6]. Additionally, the two-fold condensation of aromatic aldehydes

onto commercial (Z)-2,3-diaminomaleonitrile to form D-A-D

compounds with a central diiminofumaronitrile electro-deficient

group has been scantly studied and most articles have been

focused on the optical [7] or aggregative [8] properties of the

compounds. A first report on the use of N,N-bis[4-(N,N-dieth-

ylamino)benzylidene]diaminomaleonitrile as active material in a

Schottky solar cell has been published some years ago leading to a

PCE of 0.38% under low intensity illumination [9].

In this context, we report here on D-A-D compounds P, T and PT

obtained by condensation of mono-formyl triarylamines with 2,3-

diaminomaleonitrile (Fig. 1). The optimization of the synthesis of

the target compounds is presented and their electronic properties

characterized by spectroscopic and electrochemical techniques

with the aid of theoretical calculations are discussed in terms of

structureeproperty relationships. If such D-A-D compounds may

be useful for several kinds of applications (mainly 2 photon ab-

sorption, dyes and solar cells), we first focused on the evaluation of

their potentialities as donor material in basic planar heterojunction

solar cells.
* Corresponding author. Tel.: þ33 241735010.

E-mail address: philippe.leriche@univ-angers.fr (P. Leriche).
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2. Experimental

2.1. General

Solvents were purified and dried using standard protocols. 1H

NMR and 13C NMR spectra were recorded on a Bruker AVANCE DRX

300 spectrometer; chemical shifts are given in ppm (relative to

tetramethylsilane) and coupling constants (J) in Hz. MALDI-TOF

experiments were carried out on a Bruker Biflex-III with N2 laser

(337 nm) as irradiation source with dithranol in CH2Cl2 as matrix.

High resolution mass spectra were recorded under FAB mode on a

Jeol JMS 700 spectrometer. UV-visible optical data were recorded

with a PerkineElmer lambda 950 spectrophotometer. Thermal

analyses were performed using a DSC 2010 CE (TA Instruments). For

cyclic voltammetry (scan rate 100 mV s�1), the electrochemical

apparatus consisted of a potentiostat Biologic SP 150 driven by EC-

lab software and of a standard three-electrode cell. As the working

and counter electrodes, a platinum foil and a platinum wire were

used, respectively, while an SCE electrode was used as a reference.

2.2. Devices preparation and characterization

Fullerene C60 (99þ%) was purchased from Merck and used as

received. The Baytron suspension used to apply smoothing and hole

conducting/injecting layers was purchased as “Baytron P PE FL” (HC

Stark). All thin film devices were prepared in laboratory conditions.

As electrodes, ITO coated glasses (20 U/,, Solem) and evaporated

Al films (ca. 150 nm thickness) were used. The ITO electrodes were

cleaned in ultrasonic baths, subjected to an UV-ozone treatment

(15 min), and then modified by a spin-casted layer of Baytron

(40 nm thickness), which was dried at 115 �C during 30 min. The

Baytron suspension was filtered through a 0.45 mm membrane

(Minisart RC 15, Sartorius) just prior to casting. The donor layer was

spin-casted from chloroform solutions of the compound (5 mg L�1)

onto ITO slides initially pre-coated with a 40 nm PEDOT-PSS layer.

Then, a layer of C60 (30 nm) was deposited by thermal evaporation

under high vacuum. A 150 nm thick layer of Al was finally thermally

evaporated through a shadow mask, at a pressure of about

10�6 mbar. The mask geometry defined a device's area of 0.28 cm2.

Each ITO coated glass supports two individual devices. Different

“sets” of devices, using the same batch and solution andwhereon Al

was evaporated simultaneously, were prepared. For each experi-

ment, a minimum of 16 OSC (8 devices containing 2 cells of

0.28 cm2 active area) were characterized. All devices were ther-

mally treated. A sacrificed cell was first heated for 5 min at 80 �C

after what temperature was increased by increments of 10 �C until

PCE decreases. Then, the other cells were directly heated at the

optimized temperature during 5 min.

After preparation, the devices were stored and characterized in

an argon glovebox (200B, MBraun). The JeV curves of the devices

were recorded in the dark and under illumination using a Keithley

236 source-measure unit and a home-made acquisition program.

The light source was an AM 1.5 Solar Constant 575 PV simulator

(Steuernagel Lichttecknik, equipped with a metal halogenide

lamp). The light intensity was measured by a broad-band power

meter (13PEM001, Melles Griot). The devices were illuminated

through the ITO electrode side. The efficiency values reported here

are not corrected, for possible solar simulator spectral mismatch

nor for the reflection/absorbance of the glass/ITO/Baytron coated

electrodes.

Fig. 1. Structures of the target compounds.

Scheme 1. Synthetic routes to compounds 3 and P. a) ethanol rflx; b) toluene rflx with

DeaneStark; c) toluene, P2O5, microwave activation, 110 �C, 250 mW, 6 bar; d) toluene,

TFA, microwave activation, 110 �C, 250 mW, 6 bar.
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2.3. Synthesis

2.3.1. 2-amino-3-((E)-(4-(bis(4-methoxyphenyl)amino)

benzylidene)amino)maleonitrile e 3

The 4-(bis(4-methoxyphenyl)amino)benzaldehyde [10] (0.1 g,

0.3 mmol) is dissolved in ethanol and 2,3-diaminomaleonitrile

(35 mg, 0.32 mmol) is added. The solution is refluxed for 2 h and

then, the mixture is cooled at room temperature. An orange solid is

filtered off, and is washed with water and ethanol to afford the

target compound (0.125 g, 98%). Monocrystals are obtained by slow

evaporation of ethyl acetate. M.p.: 167e172 �C; 1H NMR (300 MHz,

CDCl3): 8.27 (s, 1H), 7.58 (d, 2H, J ¼ 8.7 Hz), 7.12 (d, 4H, J ¼ 9 Hz),

6.88 (d, 4H, J ¼ 9 Hz), 6.84 (d, 2H, J ¼ 8.7 Hz), 4.95, (s, 2H), 3.82 (s,

6H); 13C NMR (125MHz, CDCl3): 158.5,157.1,152.6,139,130.6,127.8,

125.7, 122.3, 117.7, 114.9, 114.1, 112.6, 109.7, 55.5; IR (neat): n ¼ 2208,

2229 cm�1 (C^N), 3304, 3410 (NeH); X-Ray structure: Triclinic,

P �1 (CCDC 1015083, details see below).

2.3.2. 2,3-bis((E)-(4-(bis(4-methoxyphenyl)amino)benzylidene)

amino)fumaronitrile e P

Route B: 4-(bis(4-methoxyphenyl)amino)benzaldehyde

(120 mg, 0.36 mmol) and 2,3-diaminomaleonitrile (18 mg,

0.17 mmol) are dissolved in benzene (20 mL) and several drops of

piperidine are added. The solution is vigorously stirred for 30 min

and then heated to reflux with a DeaneStark apparatus during 5

days. The reaction mixture is cooled to room temperature, diluted

with CH2Cl2, and washed with a saturated solution of NaHCO3,

water and brine. After removal of solvent the residue is purified by

column chromatography on silica gel using methylene chloride as

eluent to afford a purple solid (30 mg, 24%).

Route D: 4-(bis(4-methoxyphenyl)amino)benzaldehyde (90 mg,

0.27 mmol) and 2,3-diaminomaleonitrile (14 mg, 0.13 mmol) are

dissolved in toluene (5mL) in a 10-mL vial. Then trifluoroacetic acid

is added (30 mL) and the vial is sealed with a crimp cap and placed

in the microwave cavity (CEM Discover). After irradiation at 250 W,

110 �C, (6 bar) during 60 min and subsequent cooling, the reaction

mixture is then diluted with CH2Cl2, washed with a saturated so-

lution of NaHCO3, water and brine. After removal of solvent, the

residue is chromatographed on silica gel using methylene chloride

as eluent to afford a purple solid (77 mg, 80%).

Monocrystals are obtained by slow evaporation of chloroform.

M.p.: 174e178 �C; RMN-1H (300 MHz, CDCl3): 8.56 (s, 1H), 7.74 (d,

2H, J ¼ 8.7 Hz), 7.13 ppm (d, 4H, J ¼ 8.7 Hz), 6.88 ppm (m, 6H), 3.82

(s, 6H); RMN-13C (125 MHz, CDCl3): 162.5, 157.3, 153.3, 138.7, 131.8,

130.5, 127.9, 125.8, 117.5, 115, 111.5, 55.5; IR (neat): n ¼ 2210 cm�1

(C^N); Elemental analysis: calculated for C46H38N6O4: C, 74.78; H,

5.18; N, 11.31; found: C, 74.72; H, 5.21; N, 11.31; X-Ray structure:

Orthorhombic, P 21 21 21 (CCDC 1015081, see below).

2.3.3. 2,3-bis((E)-((5-(bis(4-methoxyphenyl)amino)thiophen-2-yl)

methylene)amino) fumaronitrile e T

5-(bis(4-methoxyphenyl)amino)thiophene-2-carbaldehyde [11]

(70mg, 0.21mmol) and 2,3-diaminomaleonitrile (11mg, 0.1 mmol)

are dissolved in toluene (5 mL) in a 10-mL vial. Then trifluoroacetic

Fig. 2. ORTEP view of 3 (top) and P (bottom).
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acid is added (30 mL) and the vial is sealed with a crimp cap and

placed in the microwave cavity (CEM Discover). After irradiation at

250 W, 110 �C, (6 bar) during 60 min and subsequent cooling, the

reaction mixture is then diluted with CH2Cl2, washed with a satu-

rated solution of NaHCO3, water and brine. After removal of solvent

the residue is purified by column chromatography on silica gel

using methylene chloride as eluent to afford a blue solid (45 mg,

60%). RMN-1H (300 MHz, CDCl3): 8.26 (s, 1H), 7.25 (d, 1H,

J ¼ 4.4 Hz), 7.23 (d, 4H, J ¼ 8.9 Hz), 6.90 (d, 4H, J ¼ 8.9 Hz), 6.17 (d,

1H, J ¼ 4.4 Hz), 3.82 (s, 6H); RMN-13C (75 MHz, CDCl3): 165.3, 158,

153.8, 138.8, 128.1, 127.1, 119.5, 115.1, 114.7, 111.9, 111, 55.5. M.p.:

155e159 �C; IR (neat): n ¼ 2208 cm�1 (C^N); MS (MALDI-TOF)

[Mþ�]:750.9; HRMS (MALDI-TOF) [Mþ$]: Calculated 750.2083,

Found 750.2095 (1.6 ppm).

2.3.4. 2,3-bis((E)-((5-(4-(bis(4-methoxyphenyl)amino)phenyl)

thiophen-2-yl)methylene)amino) fumaronitrile e PT

5-(4-(bis(4-methoxyphenyl)amino)phenyl)thiophene-2-

carbaldehyde [12] (90 mg, 0.22 mmol) and 2,3-

diaminomaleonitrile (12 mg, 0.11 mmol) are dissolved in toluene

(5mL) in a 10-mL vial. Then trifluoroacetic acid is added (30 mL) and

the vial is sealed with a crimp cap and placed in the microwave

cavity (CEM Discover). After irradiation at 250 W, 110 �C, (6 bar)

during 60min and subsequent cooling, the reaction mixture is then

diluted with CH2Cl2, washed with a saturated solution of NaHCO3,

water and brine. After removal of solvent the residue is purify by

column chromatography on silica gel using methylene chloride as

eluent to afford a dark-blue solid (67 mg, 68%). M.p.: 149e153 �C;

RMN-1H (300 MHz, CDCl3 þ Et3N): 8.75 (s, 1H), 7.57 (d, 1H,

J ¼ 4.2 Hz), 7.49 (d, 2H, J ¼ 8.7 Hz), 7.28 (d, 1H, J ¼ 4.2 Hz), 7.10 (d,

4H, J ¼ 9 Hz), 6.88 (m, 6H), 3.81 (s, 6H); RMN-13C (75 MHz, CDCl3):

157.6, 156.6, 150.5, 150, 140.3, 139.2, 132.4, 127.3, 127.2, 122.8, 122.5,

118.6, 114.7, 114.5, 113.6, 55.3; IR (neat): n ¼ 2209 cm�1 (C^N); MS

(MALDI-TOF) [Mþ$]:902.2; HRMS (MALDI-TOF) [Mþ$]: Calculated

902.2704, Found 902.2698 (0.66 ppm).

3. Results and discussion

3.1. Synthesis

Mono-condensation of commercially available (Z)-2,3-

diaminomaleonitrile 1 with aromatic monoaldehydes can be car-

ried out in refluxing ethanol [13] or, even at room temperature, in

water in some cases [14]. When condensation of 4-(bis(4-

methoxyphenyl)amino)benzaldehyde 2 [10] with 1 is carried out

in ethanol (Scheme 1, route a), the product of mono-condensation 3

is quantitatively obtained after a simple crystallization. The analysis

of the reaction mixture does not reveal any trace of the bis-

condensation product (even under longer reaction times). In or-

der to promote the bis-condensation, Chou et al. [15] used catalytic

amounts of H2SO4. Unfortunately, in our case, this procedure leads

to the complete decomposition of the compounds. Refluxing in

benzene in the presence of a catalytic amount of piperidine [16],

gave the target compound P only as traces. Although TLC moni-

toring of the reaction revealed a quasi-immediate formation of

compound 3, the thermal instability of P appeared as a serious

drawback for its formation in decent yield. Water removal with a

DeaneStark improved the yield of P to 15% but the presence of a

large amount of 3 in the reaction mixture complicated the purifi-

cation procedure. Application of the same experimental conditions

Fig. 3. Selected bond length extracted form X-ray data, top P, bottom compounds 3a and 3b (detailed X-ray structures in SI).

Table 1

Results of UVeVis absorption spectroscopy (10�5 M in CH2Cl2); cyclic voltammetry (0.10 M Bu4NPF6/CH2Cl2, scan rate 100 mV s�1, ref SCE), melting and decomposition

temperatures data for compounds P, T and PT.

Cpnd l (nm) ε (L/mol/cm) Epa1 (V) Epa2 (V) Epc (V) HOMO (eV) LUMO (eV) DEtheo (eV) Emat
g (eV) Tf (�C) Td (�C)

P 559 65,000 0.78 0.88 �1.19a �4.74 �2.43 2.31 1.82 176 203

T 620 28,000 0.62 0.74 �1.28a �4.52 �2.29 2.23 1.61 151 208

PT 623 52,500 0.72b 1.37a �1.0a �4.68 �2.69 1.99 1.70 157 224

a Irreversible process.
b Coalescence of two one-electron processes.
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to 5-(bis(4-methoxyphenyl)amino)thiophene-2-carbaldehyde 4

[11] and 5-(4-(bis(4-methoxyphenyl)amino)phenyl) thiophene-2-

carbaldehyde 5 [12] led to compounds T and PT in 16 and 11%

yield respectively.

The difficulty to achieve the second condensation reaction

prompted us to study the crystallographic structure of compounds

3 and P. After slow evaporation from chloroform solution,

compound P crystallizes in an orthorhombic P212121 space group

(Fig. 2, bottom). Evaporation from an ethyl acetate solution leads to

crystallisation in a P-1 triclinic space group with two independent

molecules 3a and 3b by unit (Fig. 2, top). The crystallographic

structures of the compounds show the typical geometry of TPA (for

more details see ESI). For compound 3, the double bond linking the

two cyano groups presents the Z configuration of the starting 2,3-

diaminomaleonitrile. In contrast for compound P, this bond is iso-

merized into an E configuration in agreement with previous X-ray

data of parent systems.

This Z/E isomerization from 3 to P could contribute to explain

the low yield of the second condensation reaction. The main con-

jugated system of compound P presents a strong quinodimethanic

character from the lateral triarylated nitrogen atom to the central

cyano group. For example, the lengths of C19eC20 1.366Å and

C16eC17 1.372 Å in the aromatic spacer and the C22eN2 central

single bond (1.379 Å) appear particularly short (Fig. 3). For com-

pound 3, this quinodimethanic character is also present but less

marked due to the presence of an internal charge transfer between

the lateral amino and central cyano groups.

Thus, compared to those of P, bond lengths of 3 (in red on Fig. 3)

show significant lengthening for double and triple bonds and

notable shortening for single ones. This observation suggests the

existence of a strong ICT between nitrogen atoms N5 and N10 and

the C23eN3 and C48eN8 cyano groups respectively. This

assumption is corroborated by the sp2 geometry of N5 and N10

shown by the localization (determined from their electronic den-

sities) of hydrogen atoms H5a-b and H10a-b in the same plane as

the conjugated system. This observation may explain the lack of

reactivity of compound 3 inwhich the terminal doublet on nitrogen

looses a part of its nucleophile properties.

Whereas the low nucleophily of the nitrogen is probably a

limiting factor, the required Z/E isomerization of the central double

bond represents a major obstacle to the efficiency of the bis-

condensation. This isomerization must occur during the second

condensation step since the Z isomer of P has never been observed.

Thus, in the next experiment, the catalytic amount of basic piper-

idine was replaced by dehydrating and acidic phosphorus oxide.

While P2O5 does not improve the yield of condensation under at-

mospheric conditions, its association with microwave activation

[17] strongly accelerates the reaction allowing the formation of P in

40% yield (route c, Scheme 1). After several attempts with other

acids associated with microwave activation, it was found that small

amounts of trifluoroacetic acid provides the best results (route d,

Scheme 1). Under these conditions, 2 eq. of aldehyde 2with 1 eq. of

1 gives compound P in ca 80% yield. On the other hand, a similar

yield of P is obtained by reaction of stoichiometric quantities of 3

Fig. 4. UVeVis Absorption spectra of the target compounds in CH2Cl2. P (blue), T

(green) and PT (red). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 5. CV traces of P (top), T (middle) and PT (bottom) in 0.10 M TBAPF6/CH2Cl2 scan

rate 100 mV/s. Fig. 6. HOMO and LUMO energetic levels for P.

5



and 2. Application of these optimized conditions to aldehydes 4 and

5 leads in every case to a large improvement of the reaction yield

and the target compounds T and PT are obtained in 68 and 60%

yield respectively.

3.2. Electronic properties of the donors

Table 1 lists the results of UVeVis absorption spectroscopy and

cyclic voltammetry for the three target compounds. The absorption

spectrum of all compounds presents a first series of bands between

280 and 420 nm followed by an intense band in the 450e750 nm

region assigned to an internal charge-transfer (Fig. 4). The

replacement of a phenyl ring by a thienyl unit from P to T leads to a

large red shift (61 nm) of the absorption maximum lmax, and hence

to a decrease of the optical bandgap. However, the extension of the

conjugated system from T to PT produces only a small red shift of

lmax (3 nm).

The cyclic voltammogram of the three compounds presents two

one-electron reversible oxidation processes followed by an irre-

versible wave (Table 1, Fig. 5). As expected the potential of the two

first oxidation processes decreases from P to T due to the lower

aromaticity of thiophene. The extension of the conjugation length

in PT leads to the coalescence of the two-one-electron processes at

a less positive potential. For all compounds, the CV present an

irreversible reduction peak in the �1.00 to �1.30 V region.

Ab initio theoretical calculations were performed using Gaussian

09 (DFT-B3LYP/6-31g (d, p)). In agreement with the crystal struc-

ture of P, the optimized geometries of compounds all exhibit

shortening of single bonds and lengthening of double bonds of the

conjugated system from the lateral triarylated nitrogen atom to the

central cyano group, characteristic of internal charge transfer.

Whereas compounds P and T appear nearly planar, steric in-

teractions between phenyl and thiophene rings of PT produces a

dihedral angle of 19� (see ESI). This twist angle which limits elec-

tron delocalization could explain the very small red shift observed

between T and PT as well as the coalescence of oxidation processes.

The HOMO is delocalized on the whole molecule with smaller

coefficients on the central acceptor part while the LUMO is essen-

tially localized on the electron-withdrawing part and vicinal spacer

(Fig. 6 and ESI). The calculated HOMO and LUMO levels are

consistent with optical and electrochemical results.

3.3. Evaluation of the new donor molecules in organic solar cells

The thermal stabilities of the target compounds were investi-

gated by differential scanning calorimetry and thermogravimetry.

They all exhibit reasonable thermal stabilities with melting and

decomposition points up to 150 �C and 200 �C respectively

(Table 1). Compounds P, T and PT have been evaluated as donor

material in PHJ solar cells ITO/PEDOT-PSS/donor/C60/Al (see SI).

The open-circuit voltage (Voc), short-circuit current densities (Jsc),

fill factor (FF) and power conversion efficiencies (PCE) of cells of

0.28 cm2 active area were determined under AM 1.5 simulation

solar illumination (Table 2).

Compound PT did not lead to devices of quality sufficient for

evaluation. As-fabricated devices obtained from P and T respec-

tively gave PCE of 0.70 and 0.53%. Both devices show similar Jsc
associated with Voc related on relative oxidation potentials. Thus,

compound P, which presents a 1st oxidation potential 160 mV

anodically shifted relatively to T, leads to a higher Voc of 0.73 V. In

each case thermal annealing improves the photovoltaic perfor-

mances due to a slight increase of Voc and Jsc. Thus, PCE of the device

based on T increases from of 0.53 to 0.89% upon thermal treatment.

The highest value of 1.18% was obtained with P after annealing at

120 �C, with Voc of 0.84 V and a Jsc of 3.65 mA cm�2 (Fig. 7).

4. Conclusion

To summarize, three new D-A-D molecular systems based on a

central diiminofumaronitrile acceptor group substituted by two

diarylamine side blocks have been synthesized.

The optimization of the reaction by association of microwave

activation and trifluoroacetic acidic catalysis improves the repro-

ducibility of the synthesis and increases the yield from 10e15 to

65e80%. Preliminary results obtained on bilayer heterojunction

solar cells gave efficiencies higher than 1.0% which suggests that

the diiminomaleonitrile 1 block may represent an interesting

synthon for the synthesis of functional molecular or polymeric

conjugated systems for several kind of applications including OSC.
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Table 2

Photovoltaic characteristics of OSC before anda after 5 min annealing at 120� ,b after

5 min annealing at 110� .

Cpnd Voc (V) Jsc (mA cm�2) FF (%) PCE (%)

P 0.73 2.49 35 0.70

Pa 0.84 3.65 35 1.18

T 0.47 2.20 47 0.53

Tb 0.52 4.28 36 0.89

Fig. 7. Current density vs voltage curve for the bilayer planar heterojunction cell P/C60

in obscurity (black) and under white illumination at a power of 90 mW cm�2 before

(grey) and after (violet) annealing. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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