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a b s t r a c t

Four triarylamine organic dyes featuring functionalized-truxene unit (MXD1–4) have been designed,
synthesized, and characterized. It was found that these dyes favored light harvesting, prevented dye
aggregation and suppressed the dark current significantly in dye-sensitized solar cells (DSSCs), leading
to enhanced performance compared to the corresponding triphenylamine dye. As a result of retarding
vailable online 19 September 2010
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charge recombination benefiting from the steric hindrance of truxene units, high open circuit voltages
(740–772 mV) were achieved based on the as-synthesized dyes. For a typical device a maximum power
conversion efficiency of 6.04% was obtained under simulated AM 1.5 irradiation (100 mW cm−2) with
Jsc = 11.5 mA cm−2, Voc = 772 mV, and ff = 0.68.

© 2010 Elsevier B.V. All rights reserved.

ye aggregation
ark current

. Introduction

Dye-sensitized solar cells (DSSCs), developed by Grätzel and co-
orkers, have attracted considerable attention of many research

roups in the past two decades owing to its high efficiency and
ow cost [1]. Conventional DSSCs typically contain four compo-
ents: a mesoporous semiconductor metal oxide film; a sensitizer
dye); an electrolyte/hole transporter; and a counter electrode
2,3]. In these components, dye is one of the key components
or high power conversion efficiencies. Attachment of sensitizers
n the surface of the TiO2 allows for efficient absorption of visi-
le light and injects an electron into the conduction band of the
iO2 after light excitation, generating the photocurrent. Actually,
lot of effort has been devoted to the synthesis and optimiz-

ng the dye component for DSSCs. At present, ruthenium dyes
ave achieved the maximum power conversion efficiencies of
1.4% in standard global air mass 1.5 and exhibited high stabili-
ies [4]. However, they have encountered problems such as limited
esources and elaborated purification [5]. In recent years, metal-
ree organic dyes were developed as an alternative to noble metal
omplexes for light harvesting owing to their high molar absorp-

ion coefficient, simple synthesis procedure and high efficiency.
arious kinds of metal-free organic dyes with D-�-A structure
uch as coumarin [6], indoline [7], triphenylamine [8], dialkylani-
ine [9], bis(dimethylfluorenyl) aminophenyl [10], merocyanine

∗ Corresponding author. Tel.: +86 22 60214250; fax: +86 22 60214252.
E-mail address: xuesong@ustc.edu.cn (S. Xue).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.08.055
[11], hemicyanine [12], and carbazole [13] have been investi-
gated as sensitizers for DSSCs. And impressive device efficiencies
of 9.7–10.3% have been achieved based on organic dyes [14,15].
However, it is still needed to optimize the chemical structures
of organic dyes for further improvement on performances in the
DSSCs.

The major factors for the low conversion efficiency of many
organic dyes in the DSSCs are the dye aggregates on the semicon-
ductor surface, which leads to self-quenching and reduces electron
injection into TiO2 [10b,16]. Introduction of a nonplanar archi-
tecture into the organic framework is a strategy to overcome the
aggregation of dyes [17]. Recently, Ko et al. reported a novel triary-
lamine dye, JK-1 [10a], containing nonplanar bis-dimethylfluorenyl
unit. The DSSCs based on JK-1 afforded a power conversion effi-
ciency of 7.2%, which is higher than that of the corresponding
triphenylamine dye. [18]. Their studies suggested that optimizing
the triphenylamine moiety with steric architecture is a promising
way for preventing unfavorable dye aggregation and increasing the
stability of dye when exposed to light and high-temperature.

On the basis of the above considerations, a further improvement
could be made by displacing phenyl unit with desirable candi-
dates for constructing functionalized-triarylamine organic dyes.
Truxene, recognized as a potential starting material for organic
semiconductors, liquid crystalline compounds, and fullerene [19],

is a promising candidate for this molecular design owing to its spe-
cial properties as following: (1) bulky rigid conjugation structure;
(2) facile introduction of alkyl chains; (3) outstanding thermal sta-
bility [20]. However, studies on truxene-based triarylamine organic
dyes with D-�-A structure for application in DSSCs are very limited.

dx.doi.org/10.1016/j.jpowsour.2010.08.055
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xuesong@ustc.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.08.055
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Fig. 1b shows the UV/vis absorption spectrum of L1 in THF. For
comparison, the spectra of MXD2 in THF and dichloromethane were
also shown in Fig. 1b. Obviously, the MXD2 in THF solution shows
two strong absorptions while only one absorption band exhibits
Scheme 1. Molecular s

We therefore designed and synthesized a new class of triary-
amine organic dyes based on truxene (Scheme 1) that contain
riarylamine as donor and cyanoacrylic acid as electron acceptor
anchoring groups), bridged by methine, thiophene, bithiophene
r 3,4-ethylenedioxythiophene (EDOT), namely: MXD1–4. The
-propyl substituted truxene unit is introduced to the dyes to pre-
ent dye aggregation, which will afford high power conversion.
erein, we report on the synthesis, characterization, and photo-
oltaic properties of the as-synthesized dyes. A triphenylamine dye
mployed one thiophene as linker, coded L1 [18], is also synthe-
ized for a comparison.

. Results and discussion

.1. UV–vis absorption/emission spectra

The absorption and emission of MXD1–4 are listed in Table 1.
ig. 1a shows the UV/vis absorption spectra of the four dyes in
ichloromethane. The four dyes display two strong absorption
ands at around 300–380 nm and 400–600 nm, which mainly stem
rom the intramolecular charge-transfer transition. The maximum
bsorption of MXD2 (486 nm) and MXD3 (498 nm) were obviously
ed-shifted in comparison with that of MXD1 (444 nm) owing to
he expansion of conjugation systems by incorporating thiophene
nits. It is noted that MXD4 (506 nm) bearing EDOT as electron
inker shows a significant red shift (20 nm) in the long-wavelength
and compared with that of MXD2, which may rise from the 3,4-
thylenedioxyl group enhancing the conjugated efficiency of EDOT
nd phenyl ring.

able 1
ptical properties and electrochemical properties of four dyes.

Dye �max/nm (ε/103 M−1 cm−1)a �max/nmb �max/nmc �int/nmd

MXD1 320 (31), 444 (40) 579 343, 420 518
MXD2 350 (76), 486 (65) 613 353, 443 560
MXD3 360 (79), 498 (75) 637 364, 441 580
MXD4 360 (65), 506 (64) 622 360, 453 577

a Absorption spectra of dyes measured in CH2Cl2 with the concentrate of solution
.0 × 10−5 M, ε is the extinction coefficient at �max of absorption.
b Emission spectra of dyes measured in CH2Cl2 with the concentrate of solution

.0 × 10−5 M.
c Absorption spectra of dyes adsorbed on TiO2.
d The intersect of the normalized absorption and the emission spectra.
res of MXD1–4 and L1.
Fig. 1. (a) Absorption spectra of MXD1–4 in dichloromethane with normal-
ized absorbance. (b) Absorption spectra of L1 in THF and MXD2 in THF or
dichloromethane with normalized absorbance.
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Fig. 2. Optimized geometrical configuration of MXD3 and MXD4.

or L1 in THF. Compared to L1, ca. 8 nm red-shift in the absorp-
ion peak together with increases in molar extinction coefficient
ε = 25 800 M−1 cm−1, 453 nm, for L1 in THF, ε = 64 000 M−1 cm−1,
61 nm, for MXD2 in THF) are found for MXD2 dye. The broader
pectral response and higher molar absorption coefficient imply
hat introduction of truxene unit into the dye favors light harvest-
ng. The second absorption peak for MXD2 in THF was red-shifted
bout 26 nm compared to that in dichloromethane solution, since
igh quantities of polar solvent decrease the electron-withdrawing
ower of the carboxylic acid [8g]. Moreover, the MXD2 show a sig-
ificant red shift (>55 nm) in visible absorption band compared
ith that of truxene-based dyes (S5–S7) reported by Ning et al.

21], indicating the position of truxene in the dye has an important
ffect on the behavior of absorption.

We have computed equilibrium structures for MXD3 and MXD4
yes using density functional theory (DFT) at the B3LYP level
Fig. 2). Theoretical calculation shows that replacement of bithio-
hene with EDOT decreases the dihedral angle between phenyl and
hiophenyl group ranging from 22.04◦/22.77◦ to 8.83◦/9.70◦, thus
esulting in a more planar conjugating system and therefore red
hift of absorption band. The improved optical properties of MXD4
ye suggest the merit of applying such electron-rich and highly
lanar linkers to sensitizer engineering [5]. In addition, the angle
etween propyl group and truxene ranges from 108.64◦ to 113.46◦,
orming a three-dimensional structure.
Fig. 3 shows the absorption spectra of MXD1–4 anchored
n transparent mesoporous TiO2 films (3 �m), and the corre-
ponding data are collected in Table 1. The maximum absorption
eaks for MXD1–4 are similar to the spectra of these dyes in

Fig. 3. Absorption spectra of the MXD1–4 adsorbed on TiO2 films.
Fig. 4. Schematic energy levels of MXD1–4 based on absorption and electrochemical
data.

dichloromethane, but exhibit a blue-shifted absorption compared
to that in solution. Such a phenomenon was also found in other
organic dyes, which may be ascribed to the formation of dye H-
aggregates on the TiO2 surface and/or the interaction between the
dyes and TiO2 [22]. The amounts of the dyes adsorbed on the TiO2
surface were estimated spectroscopically by desorbing the dyes
with a 0.01 M solution of KOH in methanol, and the surface concen-
trations were determined to be 0.73 × 10−7 mol cm−2 for MXD1,
0.80 × 10−7 mol cm−2 for MXD2, 0.76 × 10−7 mol cm−2 for MXD3,
and 0.78 × 10−7 mol cm−2 for MXD4. The amounts of L1 adsorbed
on the TiO2 surface was also estimated to be 1.25 × 10−7 mol cm−2

in the same conditions, small size of molecular leading to more
dye-uptake.

Emission maxima of the four as-synthesized dyes can be found
at 500–750 nm, respectively, when excited at their respective
absorption bands at 400–600 nm. The corresponding data are also
summarized in Table 1.

2.2. Electrochemical properties

The ground-state oxidation potential (Eox) [8i] of as-synthesized
dyes was determined from square-wave voltammograms under Ar
atmosphere. The Eox corresponds to the highest occupied molec-
ular orbital (HOMO). The excited-state reduction potential (Ered)
[8i], which corresponds to the lowest unoccupied molecular orbital
(LUMO), can be calculated from Eox–E0-0 (E0-0 values were calcu-
lated from �int: E0-0 = 1240/�int). As depicted in Fig. 4, extension
the conjugation length by adding thiophene unit adjusts the HOMO
and the LUMO level of these dyes. Positive shifts of the HOMO level
(0.02 V) and the LUMO level (0.19 V) can be observed for MXD2 vs
MXD1, which narrows the HOMO and LUMO gaps. Also, this ten-
dency holds for MXD3 vs MXD2 due to the extension of conjugation
system through thiophene unit. EDOT unit has a stronger influence
on the HOMO and LUMO level than that of thiophene unit, reflect-
ing the strong electron-donating character of EDOT unit. The LUMO
levels for these dyes (−0.98 to −1.42 eV) are more negative than
the conduction band of TiO2 (−0.5 V vs NHE), which provided suf-
ficient driving forces for electron injection. On the other hand, the
HOMO levels for these dyes (0.97–1.16 eV) are more positive than
the iodine redox potential (0.4 V vs NHE) [23]. Thus, these oxidized
dyes can be regenerated from the reduced species in the electrolyte
to give an efficient charge separation.
2.3. Photovoltaic properties

The incident photon-to-current conversion efficiency (IPCE)
of DSSCs based on MXD1–4 are measured in the visible region
(400–800 nm), as shown in Fig. 5. The onsets of the IPCE spectra for
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redox couple in the electrolyte. The reduced election recombination
process might be originated from the steric hindrance of truxene
units. As shown in Fig. 8, the bulky structure of truxene blocks the
I3− or cation approaching the TiO2 surface, decreases the I3− con-
Fig. 5. IPCE spectra for DSSCs based on the MXD1–4 and L1 dyes.

he MXD1–4-based devices are significantly broadened and red-
hifted compared to the absorption spectrum of the dyes absorbed
n TiO2 [24]. The IPCE spectrum for MXD4 exhibits a high plateau
rom 440 to 530 nm where the incident photon-to-current con-
ersion efficiency reaches 83% at 490 nm. As for MXD3, broader
esponse of IPCE was obtained by increasing the linker conjugation
ith bithiophene. Among the four dyes, narrow response of IPCE
as found for MXD1, showing the onset of the IPCE spectrum at

00 nm. The IPCE of MXD4 is higher than that of MXD1–3, which
ight be due to good injection efficiency arising from EDOT unit.

nterestingly, the IPCE action spectra of MXD2 and L1 are very sim-
lar, indicating similar capability of light harvesting and electron
njection.

The photovoltaic properties of DSSCs based on MXD1–4, L1 and
719 are shown in Table 2 and photocurrent–voltage (I–V) curves

or DSSCs based on the MXD1–4 and L1 are demonstrated in Fig. 6.
XD4 sensitized cell gave a short-circuit photocurrent density (Jsc)

f 11.5 mA cm−2, an open-circuit voltage (Voc) of 772 mV, and a fill
actor (ff) of 0.68, corresponding to an overall conversion efficiency
�) of 6.04%. The power conversion efficiencies for MXD3, MXD2,
nd MXD1 are 5.26%, 4.92%, and 3.89%, respectively. Clearly, rela-
ively lower photocurrent of MXD1 arises from narrower response
f IPCE and results in lower photovoltaic performances. Under the
ame measuring conditions, the N719-sensitized cell showed an
fficiency of 7.21% with a Jsc of 15.0 mA cm−2, a Voc of 740 mV, and
ff of 0.65. It is noted that the improved Voc (740–772 mV) for DSSCs
ased on MXD1–4 was achieved, which are even higher than that of
719 (740 mV) in the same conditions. When the thiophene bridge

s displaced by EDOT unit, a significantly high Voc of 772 mV was
chieved by MXD4.
L1 sensitized cell gave a short-circuit photocurrent density (Jsc)
f 9.9 mA cm−2, a Voc of 690 mV, and a ff of 0.68, corresponding to an
verall conversion efficiency of 4.64%. In contrast, an enhancement
f open circuit voltage (750 mV) was obtained when MXD2 dye was

able 2
hotovoltaic performance of DSSCs sensitized with MXD1–4, L1 and N719a.

Dye Jsc/mA cm−2 Voc/mV ff �/%

MXD1 8.1 740 0.65 3.89
MXD2 9.8 750 0.67 4.92
MXD3 10.7 745 0.66 5.26
MXD4 11.5 772 0.68 6.04
L1 9.9 690 0.68 4.64
N719 15.0 740 0.65 7.21

a Photovoltaic performances of DSSCs based on MXD1–4, L1 and N719 were
btained without any coadsorption addition such as chenodeoxycholic acid, which
s usually applied for preventing dye aggregation.
Fig. 6. Current–potential (I–V) curves for the DSSCs based on MXD1–4 and L1 under
AM 1.5 irradiation (100 mW cm−2).

used as photosensitizer, leading to an increase of power conversion
efficiency. In view of the amounts of dye on the TiO2 surface, the
adsorption amount of L1 (1.25 × 10−7 mol cm−2) is about 1.5-fold
higher than that of MXD2 dye (0.80 × 10−7 mol cm−2), significantly
higher IPCE for L1 could be expected. However, the maximum
IPCE of L1 is just comparable to that of MXD2, which is mainly
attributable to disadvantageous intermolecular energy transfer as
a result of dye aggregate formation [5,25]. These results demon-
strate that the presence of alkyl groups on truxene unit can suppress
dye aggregation efficiently due to disturbance of the �–� stacking,
which agrees with the previous research [13a,19].

To get a further explanation for the improvement in
Voc for DSSCs based on MXD1–4, measurement of the dark
current–voltage characteristics is performed [21]. The dark cur-
rent as a function of applied voltage is plotted in Fig. 7. The onset
potentials of dark current (potential value at the dark current
value of −0.1 mA cm−2) for the MXD1–4 and L1 dyes are in the
order of L1 (490 mV) < MXD1 (525 mV) < MXD3 (547 mV) < MXD2
(576 mV) < MXD4 (585 mV), and the sequence is in accordance
with that of the Voc values. The onset voltages for dark current
of MXD1–4 are much higher than that of L1, which indicate that
the dyes containing alkyl-functionalized truxene unit can reduce
the interfacial electron recombination in the TiO2 with the I−/I3−
Fig. 7. Dark-current density–potential curves of DSSCs based on MXD1–4 dyes and
L1.
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Fig. 8. Schematic representation of the bulky structure of truxene units, which
blocking the I3

− ions approaching the TiO2 surface.
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ig. 9. The frontier molecular orbitals of the HOMO and LUMO calculated at
3LYP/6-31+G (D) level of MXD3 and MXD4.

entration at the vicinity of the TiO2, and increases the electron
ifetimes. In addition, the propyl groups on MXD1–4 dyes prefer
o be oriented in uniform on the TiO2 surface, which might retard
he electron recombination process as well. It is evident that the
espectable high Voc values in DSSCs based on MXD1–4 are obtained
ue to the alkyl-functionalized truxene unit which suppresses the
ark current significantly.

.4. Calculation analysis of dye structure

In order to obtain the geometrical configuration and characteris-
ic features of the electronic structure of MXD3 and MXD4, density
unctional theory (DFT) calculations were made on a B3LYP/6-31G
evel (Fig. 9). Obviously, the HOMO of the two sensitizers is delo-
alized over truxene-based triarylamine and bithiophene (or EDOT)
oieties, and the LUMO is for both sensitizers delocalized across

he bithiophene (or EDOT) and cyanoacrylic groups, indicating that
he HOMO–LUMO excitation moves the electron distribution from
he triarylamine to the cyanoacrylic acid moiety, thus allowing an
fficient photoinduced electron transfer from the dye to the TiO2
lectrode under light irradiation. Also, these optimize geometri-
al configuration show uniform oriented alkyl chains on truxene
nits, favoring the molecular packing and arrangement of dyes on
he TiO2 surface.

. Conclusions

In summary, we have designed and synthesized four new
rganic dyes (MXD1–4) featuring functionalized-triarylamine as
he electron-donating moiety and cyanoacrylic acid as the elec-

ron acceptor. The noteworthy feature of these triarylamine dyes is
ntroduction of alkyl-functionalized truxene unit into the electron
onor moiety. The alkyl groups on the dyes enables to suppress
he aggregation of dye molecules. The steric hindrance of truxene
nits reduces the dark current efficiently through blocking the I3−
urces 196 (2011) 1657–1664 1661

or cation approaching the TiO2 surface, and improves photovoltaic
performance compared to the corresponding triphenylamine dye.
A cell based on the high molar extinction coefficient dye MXD4
yields a maximum power conversion efficiency of 6.04% with
Jsc = 11.5 mA cm−2, Voc = 772 mV, and ff = 0.68. These results demon-
strate that optimizing the triphenylamine dye by introduction of
functionalized-bulky groups with steric hindrance is effective in
the development of DSSCs. The test of stability of DSSCs based on
the as-synthesized dyes as well as further optimization of chemical
structure of truxene-based triarylamine organic dyes will be done
in our next work.

4. Experimental details

4.1. Materials and characterization

The synthetic routes of the four dyes are shown in Scheme 2.
The starting material 1 was prepared by adopting literature proce-
dures [26]. 5-Formylthiophen-2-ylboronic acid and n-butyllithium
were purchased from Alfa. N,N-Dimethylformamide was dried over
and distilled from CaH2 under an atmosphere of nitrogen. Phospho-
rus oxychloride was freshly distilled before use. Dichloromethane
and chloroform were distilled from calcium hydride under nitrogen
atmosphere. Titanium(IV) isopropoxide, 1,3-dimethylimidazolium
iodide, tertbutylpyridine and lithium iodide were purchased from
Aldrich. All other solvents and chemicals used in this work were
analytical grade and used without further purification.

1H NMR and 13C NMR spectra were recorded on a Bruker AM-
300 or AM-400 spectrometer using CDCl3 as solvent in all cases. The
reported chemical shifts were against TMS. High resolution mass
spectra were obtained with a Micromass GCT-TOF mass spectrom-
eter.

4.2. Photophysical and electrochemical measurements

The absorption spectra of the dyes either in solution or
on the adsorbed TiO2 films was measured by HITACHI U-3310
spectrophotometer. Adsorption of the dye on the TiO2 surface
was done by soaking the TiO2 electrode in a mixture solution
ethanol–dichloromethane 3:1 solution of the dye (standard con-
centration 3 × 10−4 M) at room temperature for 24 h. Fluorescence
measurement was carried with a HITACHI F-4500 fluorescence
spectrophotometer.

Electrochemical measurements were performed at room tem-
perature under Ar atmosphere on a Voltammetric Analyzer
(Metrohm, �Autolab III) with polymer coated ITO glass as the work-
ing electrode, and platinum (Pt) plate as the counter electrode,
using Ag/Ag+ (nonaqueous) electrode as reference electrode with
a scan rate of 50 mV s−1. Tetrabutylammonium perchlorate (TBAP,
0.1 mol L−1) and acetonitrile were used as supporting electrolyte
and solvent, respectively. The measurements were calibrated using
ferrocene as standard. The redox potential of ferrocene internal ref-
erence was taken as 0.63 V vs NHE. The solutions were purged with
argon and stirred for 15 min before the measurements.

4.3. Fabrication of DSSCs

TiO2 colloid was prepared according to the literature method
[27], which was used for the preparation of the nanocrystalline
films. The TiO2 paste consisting of 18 wt.% TiO2, 9 wt.% ethyl cellu-
lose and 73 wt.% terpineol was firstly prepared, which was printed

on a conducting glass (Nippon Sheet Glass, Hyogo, Japan, fluorine-
doped SnO2 over layer, sheet resistance of 10 �/sq) using a screen
printing technique. The thickness of the TiO2 film was controlled
by selection of screen mesh size and repetition of printing. The
film was dried in air at 120 ◦C for 30 min and calcined at 500 ◦C for
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Scheme 2. Synthetic routes to the MXD1–4 dyes. (a) Diphenylamine, Cu powder, 18-crown-6, K2CO3, 1,2-dichlorobenzene, reflux. (b) DMF/POCl3, 100 ◦C. (c) CNCH2COOH,
NH4OAc, AcOH, reflux. (d) NIS or NBS, CHCl3. (e) 5-Formylthiophen-2-ylboronic acid, Pd(PPh3)4, Na2CO3, DME/H2O, reflux. (f) Thiophen-2-ylboronic acid, Pd(PPh3)4, Na2CO3,
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ME/H2O, reflux. (g) 2-(Tributylstannyl)-3,4-(ethelenedioxy)thiophene, Pd(PPh3)4,

0 min under flowing oxygen before cooling to room temperature.
he heated electrodes were impregnated with a 0.05 M titanium
etrachloride solution in a water-saturated desiccator at 70 ◦C for
0 min and fired again to give a ca. 9 �m thick mesoscopic TiO2
lm. The TiO2 electrode was stained by immersing it into a dye
olution containing 300 �M dye sensitizers (ethanol for MXD1 and
719, ethanol–dichloromethane 3:1 for MXD2–4 and L1) for 48 h at

oom temperature. Then rinsed with dry ethanol and dried by a dry
ir flow. Pt catalyst was deposited on the FTO glass by coating with
drop of H2PtCl6 solution (40 mM in ethanol) with the heat treat-
ent at 395 ◦C for 15 min to give photoanode. The dye-covered TiO2

lectrode and Pt-counter electrode were assembled into a sand-
ich type cell according to the literature method [27]. The DSSCs
ad an active area of 0.16 cm2 and electrolyte composed of 0.6 M
,2-dimethyl-3-n-propylimidazolium iodide (DMPImI), 0.1 M LiI,
.05 M I2, and 0.5 M tertbutylpyridine in acetonitrile.

.4. Characterization of DSSCs

The photocurrent–voltage (I–V) characteristics of the solar cells
ere carried out using a Keithley 2400 digital source meter con-

rolled by a computer and a standard AM1.5 solar simulator-Oriel
1160-1000 (300W) SOLAR SIMULATOR 2 × 2 BEAM. The light
ntensity was calibrated by an Oriel reference solar cell. The action
pectra of monochromatic incident photon-to-current conversion
fficiency (IPCE) for solar cell were performed by using a com-
ercial setup (QTest Station 2000 IPCE Measurement System,

ROWNTECH, USA).
ne, reflux. (h) DMF/POCl3, rt.

4.5. Computational methods

Gaussian 03 package was used for Density functional theory
(DFT) calculations [28]. We optimized the geometry of MXD3 and
MXD4 using the B3LYP method with the 6-31+G(d) basis set.
The stable geometry was confirmed by no imaginary frequency.
Importantly, none of the frequency calculations generated nega-
tive frequencies, being consistent with an energy minimum for the
optimized geometry.

4.6. The detailed experimental procedures and characterization
data

The syntheses of MXD1–4 are shown in Scheme 2. Iodide-
substituted truxene 1 was used as starting material to react with
diphenylamine in the presence of powdered anhydrous potassium
carbonate, copper bronze, and 18-crown-6 to give key intermedi-
ate 2. Aldehyde 5 was synthesized by Vilsmeier–Haack reaction of
2 with POCl3 and DMF. Substituted triarylamine iodide 3 was cross-
coupled with 5-formylthiophen-2-ylboronic acid under Suzuki
conditions to give aldehyde 6. Substituted triarylamine bromide
4 reacted with thiophen-2-ylboronic acid and 2-(tributylstannyl)-
3,4-(ethelenedioxy)thiophene to gave intermediate 7 and 10,
respectively. Aldehyde 9 was prepared from 7 via iodonation reac-

tion with NIS and Suzuki reaction with thiophen-2-ylboronic acid.
The synthetic procedure for aldehyde 11 was similar to that for
aldehyde 5 except that reacted at room temperature instead of
95 ◦C. Subsequently, the Knoevenagel condensation reactions of
aldehydes 5, 6, 9 and 11 with cyanoacetic acid gave the target dyes.
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.6.1. Triarylamine 2
A stirred mixture of diphenylamine (1.16 g, 6.9 mmol), mono-

ubstituted truxene iodide 1 (5 g, 6.9 mmol), powdered anhydrous
otassium carbonate (4.76 g, 34.5 mmol), copper bronze (2.21 g,
4.5 mmol), and 18-crown-6 (120 mg) in 1,2-dichlorobenzene
80 mL) was refluxed for 20 h. After cooling, the solvent was
emoved under reduced pressure. The pure product 2 was obtained
y silica gel chromatography (PE/DCM, 10/1) (3.69 g, 75%). 1H NMR
CDCl3, 300 MHz): ı 0.55–0.57 (m, 30H), 1.90–2.13 (m, 6H), 2.84 (m,
H), 7.07–7.50 (m, 18H), 8.18 (d, J = 8.6 Hz, 1H), 8.31 (d, J = 7.4 Hz,
H), 8.37 (d, J = 7.6 Hz, 1H). 13C NMR (CDCl3, 75 MHz): ı 14.6, 17.4,
6.3, 55.5, 117.6, 121.7, 122.3, 122.7, 124.3, 124.6, 125.3, 126.0,
26.3, 129.2, 135.1, 138.2, 140.3, 144.2, 144.8, 146.3, 147.9, 153.7,
55.1.

.6.2. Carbaldehyde 5
1 g (1.31 mmol) of 2 was dissolved in 5 mL of DMF and Vilsmeyer

eagent that was prepared from 5 mL of DMF and 1 g (6.55 mmol)
f phosphorus oxychloride, and then the mixture was kept at
5 ◦C for 6 h. After neutralization with 25% NaOH solution to pH
, the product was extracted by column chromatography (PE/EA,
0/1), resulting in carbaldehyde (5) (725 mg, 70%). 1H NMR (CDCl3,
00 MHz): ı 0.51–0.54 (m, 30H), 1.88–2.09 (m, 6H), 2.77–2.90 (m,
H), 7.06–7.75 (m, 15H), 8.23 (d, J = 8.5 Hz, 2H), 8.26 (t, J = 7.8 Hz,
H), 8.34 (d, J = 7.6 Hz, 1H), 9.85 (s, 1H). 13C NMR (CDCl3, 100 MHz):
14.5,17.3, 39.2, 55.6, 119.5, 119.8, 119.8, 122.3, 123.6, 124.6,

25.1, 126.1, 126.3, 126.5, 129.3, 129.7, 131.3, 137.2, 137.7, 138.3,
38.4, 140.1, 140.2, 144.5, 144.8, 144.9, 146.3, 153.4, 153.5, 155.5,
90.4. HRMS (ESI) calcd for C58H63NO [M+H]+: 790.4988. Found:
90.4996.

.6.3. MXD1
The carbaldehyde (5) (300 mg, 0.379 mmol), with cyanoacetic

cid (42.5 mg, 0.5 mmol), ammonium acetate (87 mg, 1.13 mmol)
nd glacial acetic acid (10 mL) were mixed together and the solu-
ion heated to reflux for 6 h. After cooling to RT, the mixture
as poured into a chilled aqueous solution to yield a red pre-

ipitate. It was filtered and thoroughly washed with water. The
btained red precipitate was then purified by column chromatog-
aphy (DCM/methanol, 10:1) to afford MXD1 (201.7 mg, 62%). 1H
MR (CDCl3, 300 MHz): ı 0.50 (m, 30H), 1.87–2.04 (m, 6H), 2.83 (m,
H), 7.03–7.42 (m, 16H), 7.80 (m, 2H), 8.22–8.33 (m, 4H). 13C NMR
CDCl3, 75 MHz): ı 14.8, 18.3, 40.2, 56.3, 119.6, 120.2, 122.4, 123.6,
24.7, 125.6, 126.1, 126.4, 129.6, 132.9, 137.0, 137.6, 138.2, 140.0,
40.1, 144.3, 144.5, 144.6, 144.8, 146.1, 151.4, 153.4, 155.3. HRMS
ESI) calcd for C61H64N2O2 [M+H]+: 857.5046. Found: 857.4971.

.6.4. Carbaldehyde 6
N-Iodosuccinimide (236 mg, 1.05 mmol) was added to the

(800 mg, 1.05 mmol) in chloroform at temperature 0 ◦C and
he mixture was stirred for 2 h in absence of light. After that,
0 mL of water was added into the flask, followed by extracted
ith dichloromethane, and the combined organic phase was
ried over anhydrous sodium sulfate. After rotary evaporation
f the solvent under a reduced pressure, crude 3 was obtained
nd used for the next step without any purification. Com-
ound 3 (700 mg, 0.789 mmol), 5-formylthiophen-2-ylboronic acid
148 mg, 0.44 mmol), Pd(PPh3)4 (70 mg), and Na2CO3 (836 mg,
.89 mmol) in 15 mL of DME and 3 mL of H2O were heated to reflux
nder a nitrogen atmosphere for overnight. After cooling to room
emperature, 20 mL of water was added into the flask, followed by

xtracted with dichloromethane, and the combined organic phase
as dried over anhydrous sodium sulfate. The organic portion was

ombined and removed by rotary evaporation. The residue was
urified by column chromatography with silica gel (PE/EA, 10/1)
o yield 6 (467 mg, 68%). 1H NMR (CDCl3, 300 MHz): ı 0.50 (m,
urces 196 (2011) 1657–1664 1663

30H), 1.92–2.06 (m, 6H), 2.86 (m, 6H), 7.12–7.28 (m, 4H), 7.31–7.39
(m, 3H), 7.41–7.49 (m, 8H), 7.50 (m, 2H), 7.63 (d, 2H), 7.75 (s, 1H),
8.24 (d, 1H), 8.31(d, 1H), 8.39 (d, 1H), 9.90 (s, 1H). 13C NMR (CDCl3,
100 MHz): ı 13.8, 17.4, 38.9, 55.5, 118.5, 122.3, 122.3, 122.6, 122.6,
122.9, 122.9, 124.6, 124.7, 125.1, 125.2, 125.4, 125.4, 126.0, 126.2,
126.3, 127.2, 129.5, 136.1, 137.6, 137.8, 137.9, 138.2, 138.3, 140.3,
141.3, 144.4, 144.5, 144.7, 145.3, 147.0, 149.2, 153.6, 154.6, 155.3,
182.5. HRMS (ESI) calcd for C62H65NOS [M+H]+: 872.4865. Found:
872.4879.

4.6.5. MXD2
The synthesis method resembles that of MXD1 (yield 73%). 1H

NMR (CDCl3, 300 MHz): ı 0.50 (m, 30H), 1.88–2.04 (m, 6H), 2.83
(m, 6H), 7.05–7.68 (m, 19H), 8.19–8.34 (m, 4H). 13C NMR (CDCl3,
75 MHz): ı 14.8, 15.6, 40.1, 56.3, 118.5, 122.4, 122.6, 123.4, 123.9,
124.7, 125.2, 125.5, 126.1, 126.4, 127.4, 129.4, 134.3, 136.0, 137.8,
138.2, 140.0, 140.1, 140.2, 144.2, 144.4, 144.6, 145.2, 146.9, 148.7,
153.3, 155.1. HRMS (ESI) calcd for C65H66N2O2S [M+H]+: 939.4923.
Found: 939.4892.

4.6.6. Compound 7
N-Bromosuccinimide (224 mg, 21 mmol) was added to the 2 (1 g,

1.31 mmol) in chloroform at room temperature and the mixture
was stirred for 2 h. After that, 20 mL of water was added into the
flask, followed by extracted with dichloromethane, and the com-
bined organic phase was dried over anhydrous sodium sulfate. After
rotary evaporation of the solvent under a reduced pressure, crude
4 was obtained and used for the next step without any purification.
Crude 4 (800 mg, 0.95 mmol), thiophen-2-ylboronic acid (178 mg,
1.14 mmol), Pd(PPh3)4 (80 mg), and Na2CO3 (1.0 g, 9.5 mmol) in
15 mL of DME and 3 mL of H2O were heated to reflux under a nitro-
gen atmosphere for overnight. After cooling to room temperature,
20 mL of water was added into the flask, followed by extracted with
dichloromethane, and the combined organic phase was dried over
anhydrous sodium sulfate. The organic portion was combined and
removed by rotary evaporation. The residue was purified by column
chromatography with silica gel (PE/DCM, 10/1), yield 7 (450 mg,
56%). 1H NMR (CDCl3, 400 MHz): ı 0.55 (m, 30H), 1.41–2.08 (m,
6H), 2.86 (m, 6H), 7.00–7.14 (m, 3H), 7.20–7.53 (m, 17H), 8.19
(d, J = 8.7 Hz, 1H), 8.26(d, J = 7.6 Hz, 1H), 8.35 (d, J = 7.8 Hz, 1H). 13C
NMR (CDCl3, 100 MHz): ı 15.2, 18.4, 37.2, 56.4, 118.1, 121.9, 122.1,
122.4, 122.8, 123.2, 124.0, 124.3, 124.6, 124.7, 125.5, 126.1, 126.4,
126.8, 128.0, 128.8, 129.3, 135.5, 138.1, 138.3, 140.2, 140.3, 144.3,
144.7, 145.9, 147.2, 147.5, 147.9, 153.5, 155.1. HRMS (ESI) calcd for
C61H65NS [M+H]+: 844.4916. Found: 844.4936.

4.6.7. Carbaldehyde 9
The synthesis method resembles that of compound 6 (yield

61%). 1H NMR (CDCl3, 400 MHz): ı 0.50–0.53 (m, 30H), 1.90–2.10
(m, 6H), 2.81 (m, 6H), 7.06–7.67 (m, 21H), 8.20 (d, J = 8.6 Hz, 1H),
8.29(d, J = 7.6 Hz, 1H), 8.36 (d, J = 7.4 Hz, 1H), 9.85 (s, 1H). 13C NMR
(CDCl3, 100 MHz): ı 13.7, 17.3, 39.1, 55.5, 118.2, 122.3, 123.2, 123.3,
123.5, 123.7, 124.6, 124.6, 124.8, 125.4, 126.0, 126.3, 126.6, 127.1,
127.2, 129.4, 134.4, 135.7, 137.4, 137.9, 138.2, 138.2, 140.2, 141.3,
144.3, 144.4, 144.7, 145.6, 146.3, 147.3, 147.4, 148.1, 153.6, 155.3,
182.4. HRMS (ESI) calcd for C66H67NOS2 [M+H]+: 954.4742. Found:
954.4759.

4.6.8. MXD3
The synthesis method resembles that of MXD1 (yield 63%). 1H
NMR (CDCl3, 300 MHz): ı 0.50 (m, 30H), 1.86–2.12 (m, 6H), 2.81
(m, 6H), 6.99–7.22 (m, 12H), 7.32–7.57 (m, 9H), 8.13–8.30 (m, 4H).
13C NMR (CDCl3, 75 MHz): ı 14.8, 18.3, 40.1, 56.2, 118.2, 122.3,
123.3, 124.7, 124.9, 125.4, 126.0, 126.6, 127.2, 129.4, 134.0, 135.6,
137.8, 138.1, 140.1, 140.2, 144.2, 144.6, 145.4, 147.1, 153.3, 155.0.
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RMS (ESI) calcd for C69H68N2O2S2 [M+H]+: 1021.4800. Found:
021.4781.

.6.9. Compound 10
2-(Tributylstannyl)-3,4-(ethelenedioxy)thiophene (410 mg,

.95 mmol), 4 (800 mg, 0.95 mmol), and Pd(PPh3)4 (80 mg) were
issolved in toluene (20 mL), and the reaction was refluxed under
r for 6 h. After cooling down to room temperature, the mixture
as poured into water and extracted with dichloromethane. The

ombined organic layer dried over anhydrous sodium sulfate.
fter rotary evaporation of the solvent under a reduced pressure,

he residue was purified on a silica gel column (PE/DCM, 2/1) to
ive a yellow solid 10 (584 mg, 68%). 1H NMR (CDCl3, 400 MHz): ı
.49 (m, 30H), 1.93–2.13 (m, 6H), 2.85 (m, 6H), 4.22–4.34 (m, 4H),
.07–7.68 (m, 18H), 8.18 (d, J = 8.5 Hz, 1H), 8.31(d, J = 7.4 Hz, 1H),
.39 (d, J = 7.7 Hz, 1H). 13C NMR (CDCl3, 100 MHz): ı 14.4, 17.3,
9.1, 55.5, 64.5, 64.7, 117.5, 117.8, 121.9, 122.3, 123.8, 124.0, 124.3,
24.6, 125.3, 125.9, 126.2, 126.8, 127.5, 129.2, 135.2, 137.5, 138.1,
38.1, 140.3, 140.4, 142.2, 144.2, 144.3, 144.8, 146.0, 146.3, 147.7,
53.6, 155.1. HRMS (ESI) calcd for C63H67NO2S [M+H]+: 902.4971.
ound: 902.4927.

.6.10. MXD4
The synthesis method resembles that of MXD1 (yield 69%).

H NMR (CDCl3, 300 MHz): ı 0.50 (m, 30H), 1.88–2.04 (m, 6H),
.83 (m, 6H), 4.30–4.42 (m, 4H), 6.95–7.31 (m, 9H), 7.40–7.59 (m,
H), 8.16–8.31 (m, 3H). 13C NMR (CDCl3, 100 MHz): ı 14.8, 18.3,
7.3, 56.3, 118.6, 122.3, 122.7, 123.8, 124.7, 125.1, 125.4, 126.0,
26.4, 128.1, 129.4, 136.0, 137.0, 137.8, 138.1, 138.2, 140.1, 140.2,
44.3, 144.6, 145.2, 146.9, 153.3, 153.4, 155.1. HRMS (ESI) calcd for
67H68N2O4S [M+H]+: 997.4978. Found: 997.4961.
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