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a b s t r a c t

Three new organic dyes with one, two and three branched DepeA structures derived from an electron
donating triphenylamine core and connected by 1,2,3-triazole group to an electron deficient cyanoac-
rylate system have been conveniently synthesized via a ‘Click’ reaction. It was found that all three dyes
show UVevis absorptions in the 300e500 nm range with high molar extinction coefficients. A red-shift
of UVevis absorption band was observed in the solid thin film compared with the dioxane solution. Dye-
sensitized solar cell devices based on the dyes were fabricated and tested. The one branched
triphenylamine-based dye exhibits the highest energy conversion efficiency. Increase of the branched D
epeA structure around the triphenylamine core results in the decrease of energy conversion efficiency
of the dyes, which can be attributed to less attachment of the dyes onto TiO2 photoanode with the
enlarged molecular size of the corresponding multibranched structure.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In nowadays the fast growing world-wide demand for energy
and rapidly depleting fossil fuel energy sources has greatly
encouraged scientists to explore and develop renewable and
environmentally friendly energy sources, especially low cost direct
use photoelectric conversion devices. Compared with the tradi-
tional silicon-based photovoltaic devices, dye-sensitized solar cells
(DSSCs) exhibit many advantages such as easily structural modifi-
cation and relatively low production costs, etc. Thus DSSCs have
attracted great attention since their first report by O’Regan and
Grätzel in 1991 [1] and have become one of the major competitors
among the high performance future photovoltaic devices [2].

As one of the most crucial factors that influence the perfor-
mance of DSSC, the sensitizing dyes involve various types of
molecules from synthetic metal complexes [3] to natural dyes [4].
Also, tremendous new synthetic metal-free organic dyes [5,6] have
been developed and employed as the sensitizer in DSSCs. Among
them Ru(II)-based complex dyes remain dominant in photoelec-
tronic conversion efficiency [7]. However, the inconvenient purifi-
cation and high cost of Ru-based dyes limit their development
compared to the metal-free organic dyes. Even though none of the
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pure organic dyes has surpassed the conversion efficiency of the
Ru-based sensitizers at present [8], they still have attracted
considerable attention. Enormous studies have been devoted to
design novel structural dyes, to clarify the relationship between the
structure and properties and to optimize the DSSC devices [6,9].

In the synthesis of new DSSC dyes, the triphenylamine
(TPA)-based structure has been widely employed to build
metal-free organic dyes and it has been successfully proved to
show high conversion efficiency in DSSC devices [10e14] since it
can both enhance the hole-transporting ability of the materials
and inhibit the aggregation of the dyes with its non-planar
structure. Generally, the crucial step for synthesizing this kind of
dye is to link the donor group (triphenylamine) and spacer group.
This process is commonly performed via Palladium-catalyzed
coupling reaction with some aromatic boric acids (borates) [12]
or stannanes [14], which are both costly and require delicate
handling. Recently, the Cu(I) catalyzed alkyneeazide ‘Click’ reac-
tion introduced by Sharpless and co-workers [15] has been widely
used in the design and synthesis of optoelectronic materials and
affords a good way to achieve target molecules under mild reac-
tion conditions with high efficiency [16e18]. In this paper three
new triphenylamine-based organic dyes (DH-1, DH-2 and DH-3
shown in Fig. 1) have been synthesized, and the 1,2,3-triazole
group as a bridge has been introduced into the p-conjugate skel-
eton for these DSSCs sensitizers via a ‘Click’ reaction. The
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Fig. 1. Molecular structures of DH-1, DH-2 and DH-3 dyes.
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photophysical properties, electrochemical properties and photo-
voltaic properties have been investigated.

2. Experimental section

2.1. Equipments and materials

1H NMR and 13C NMR spectra were measured with a Varian
MERCURY-VX300 in CDCl3 or in DMSO-d6 with TMS as internal
reference. UVevis absorption spectroscopy was performed on
a Shimadzu UV-3600 spectrophotometer. The electrochemical
behavior of the DH dyes was investigated using cyclic voltammetry
(CV) on a CHI600A electrochemical work station. The elemental
analysis was carried out on a CARLOERBA-1106 microelemental
analyzer. Mass spectra were recorded with a VJ-ZAB-3F-Mass
spectrometer or a Bruker 320-MS triple quadrupole mass
spectrometer.

The catalyst of Pd(PPh3)4 was synthesized in our own lab, and
anhydrous THF used in Schlenk system was dried and purified by
reflux with NaeK alloy. Some other reagents and solvents were
commercially purchased without further purification before use.
Compounds 1 [19], 2 [19], 3 [20], 6 [21], 7 [21] and 8 [21] were
prepared according to the corresponding literatures.

2.2. Synthesis of the intermediates and DH dyes

4-Azido-2,5-bis(hexyloxy)benzaldehyde (4): To solution of 2-(4-
bromo-2,5-bis(hexyloxy)phenyl)-1,3-dioxane (2, 8.10 g, 18.2 mmol)
in 80 mL of anhydrous THF, 8.00 mL of n-BuLi (2.5 M solution in
hexane, 20.0 mmol) was added dropwise at �78 �C. After stirring
for 40 min 4-methylbenzenesulfonyl azide (3, 3.95 g, 20.0 mmol) in
10 mL of anhydrous THF was added dropwise to the mixture and
kept stirring for 4 h at �78 �C. Later, the reaction system was
gradually warmed to�10 �C and then excessive aqueous solution of
sodium pyrophosphate was poured into the vessel. And then the
cooling bath was removed and the mixture was stirred continu-
ously for 12 h at room temperature. The resulting mixture was
extracted with ether (40 mL � 2), the organic phase was washed
with brine, and then mixed with 2 M HCl (60 mL) to stir for 6 h.
Finally, the crimson organic phase was dried over anhydrous
Na2SO4 and the solvent was evaporated. The final product (4,
yellow oil) was obtained by chromatography. Yield, 5.52 g (87%). 1H
NMR (300MHz, CDCl3): d 10.35 (s, 1H), 7.31 (s, 1H), 6.51 (s, 1H), 4.01
(t, 2H), 3.98 (t, 2H), 1.81e1.72 (m, 4H), 1.46e1.34 (m, 12H),
0.91e0.90 (m, 6H). 13C NMR (75 MHz, CDCl3): d 188.5, 157.0, 146.6,
136.2, 121.6, 110.8, 105.6, 69.9, 69.4, 31.7, 29.2, 29.1, 25.9, 22.8, 14.2.
MS (ESI): m/z ¼ 347.2.

3-(4-Azido-2,5-bis(hexyloxy)phenyl)-2-cyanoacrylic acid (5):
Compound 4 (3.47 g, 10.0 mmol), cyanoacetic acid (2.55 g,
30.0 mmol) and piperidine (several drops) were added to 30 mL of
MeCN and the mixture was heated under reflux for 12 h. Then the
solution was acidified with 2 M HCl (20 mL) and extracted with
CH2Cl2. The organic phase was dried over anhydrous Na2SO4. The
solvent was removed and the residue was purified on a silica gel
columnwith chloroform as eluent to obtain the crude product. The
pure product (5) (crimson solid) was obtained through recrystal-
lization. Yield, 3.68 g (89%). 1H NMR (300 MHz, CDCl3): d 8.78 (s,
1H), 8.01 (s, 1H), 6.48 (s, 1H), 4.08 (d, 2H), 3.97 (d, 2H),1.85e1.80 (m,
4H), 1.47e1.35 (12H), 0.92e0.91 (6H). 13C NMR (75 MHz, CDCl3):
d 168.6, 155.2, 149.5, 146.5, 136.5, 116.9, 116.5, 111.9, 98.5, 70.0, 69.8,
31.8, 31.7, 29.1, 26.0, 25.8, 22.8, 14.2. MS (ESI): m/z ¼ 413.9.
C22H30N4O4 (Mw ¼ 414.50): calcd. C, 63.75; H, 7.30; N, 13.52; found
C, 63.40; H, 7.01; N, 13.14.

2-Cyano-3-(4-(4-(4-(diphenylamino)phenyl)-1H-1,2,3-triazol-
1-yl)-2,5-bis(hexyloxy)phenyl)acrylic acid (DH-1): N,N-diphenyl-
4-Ethynylaniline (6, 0.269 g, 1 mmol), compound 5 (0.414 g,
1 mmol), NaHCO3 (4.20 mg, 0.05 mmol) and ascorbic acid (8.81 mg,
0.05 mmol) were dissolved in the mixed solvent of THFeH2O
(20 mL, VTHF/VH2O ¼ 2:1), and an aqueous solution of CuSO4$5H2O
(12.5 mg, 0.05 mmol in 1 mL water) was added to it under Ar
atmosphere. After stirring for 8 h, the mixture was extracted with
ether (30 mL � 3) and organic phase was dried over anhydrous
Na2SO4. The solvent was removed and the residue was purified on
a silica gel column with ethyl acetate as eluent to obtain the crude
product. Pure DH-1 dye (orange powder) was obtained through
recrystallization from CH2Cl2/ethyl acetate. Yield, 0.581g (85%). 1H
NMR (300 MHz, DMSO-d6): d 8.87 (s, 1H), 8.32 (s, 1H), 7.93 (s, 1H),
7.82 (d, 2H), 7.50 (s, 1H), 7.33 (t, 4H), 7.10e7.04 (m, 8H), 4.10 (t, 2H),
4.05 (t, 2H), 1.75e1.69 (m, 8H), 1.42e1.19 (m, 8H), 0.86e0.75 (m,
6H). 13C NMR (75 MHz, CDCl3): d 164.9, 151.4, 146.9, 146.7, 146.0,
142.8, 142.2, 128.9, 127.9, 126.93, 125.9, 123.8, 122.9, 122.7, 122.1,
121.3, 118.2, 113.1, 111.8, 108.0, 69.0, 68.7, 30.7, 28.3, 25.0, 24.8, 21.8,
13.6, 13.5. MS (ESI):m/z ¼ 683.6. C42H45N5O4 (Mw ¼ 683.84): calcd.
C, 73.77; H, 6.63; N, 10.24. found C, 73.83; H, 7.04; N, 10.67.
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Fig. 2. UVevis absorption spectra of DH dyes in solution of dioxane.
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3,30-(4,40-(4,40-(4,40-(Phenylazanediyl)bis(4,1-phenylene))-bis
(1H-1,2,3-triazole-4,1-diyl))bis(2,5-bis(hexyloxy)-4,1-phenylene))
bis(2-cyanoacrylic acid) (DH-2): The synthetic procedure of DH-2
was similar to DH-1, in which N,N-bis(4-ethynylphenyl)-phenyl-
aniline (7, 0.146 g, 0.5 mmol) was instead of 6 and compound 5
(0.414 g, 1 mmol) was used 2 times that of 7. Pure DH-2 dye (brown
solid) was directly obtained by recrystallization after acidification
without column chromatography. Yield, 0.431 g (77%). 1H NMR
(300MHz, DMSO-d6): d 8.71 (s, 2H), 8.54 (s, 2H), 7.99 (s, 2H), 7.77 (d,
4H), 7.54 (s, 2H), 7.32 (t, 2H), 7.11e7.08 (m, 7H), 4.07 (t, 4H), 4.05 (t,
4H), 1.78e1.74 (m,16H), 1.45e1.23 (m,16H), 0.89e0.78 (m,12H). 13C
NMR (75 MHz, DMSO-d6): d 161.5, 150.9, 145.1, 145.1, 144.6, 141.1,
140.9, 127.9, 127.6, 124.5, 122.8, 122.6, 121.7, 119.4, 118.4, 114.5, 111.1,
106.1, 102.0, 67.5, 67.4, 30.7, 28.3, 25.0, 24.8, 21.8, 13.6, 13.4. MS
(ESI): m/z ¼ 1121.8. C66H75N9O8 (Mw ¼ 1122.36): calcd. C, 70.63; H,
6.74; N, 11.23; found C, 70.43; H, 7.18; N, 11.27.

3,30,300-(4,40,400-(4,40,400-(4,40,400-Nitrilotris(benzene-4,1-diyl))-
tris(1H-1,2,3-triazole-4,1-diyl))tris(2,5-bis(hexyloxy)benzene-4,1-
diyl))tris(2-cyanoacrylic acid) (DH-3): The synthetic procedure of
DH-3was similar toDH-1 andDH-2, inwhich tris(4-ethynylphenyl)
amine (8, 0.158 g, 0.5 mmol) was instead of 6 or 7 and compound 5
(0.621 g, 1.5 mmol) was used 3 times that of 8. Pure DH-3 dye (dark
redebrown solid) was obtained by recrystallization after acidifica-
tionwithout column chromatography. Yield, 0.677 g (87%). 1H NMR
(300MHz, DMSO-d6): d 8.65 (s, 3H), 8.56 (s, 3H), 7.92 (s, 3H), 7.82 (d,
6H), 7.53 (s, 3H), 7.29 (d, 6H), 4.09 (t, 6H), 4.07 (t, 6H), 1.81e1.76 (m,
24H), 1.49e1.24 (m, 24H), 0.92e0.82 (m, 18H). 13C NMR (75 MHz,
CDCl3): d 160.9, 157.9, 154.8, 151.4, 149.1, 146.1, 143.6, 142.9, 134.0,
136.1,126.9,124.6,117.8,116.5,111.5,109.5, 69.1, 68.6, 31.4, 28.8, 25.7,
25.5, 22.4, 13.9, 13.8. MS (ESI): m/z ¼ 1559.4. C90H105N13O12
(Mw ¼ 1560.88): calcd. C, 69.25; H, 6.78; N, 11.67; found C, 69.43; H,
7.05; N, 11.32.

2.3. Fabrication and measurement of DSSCs

Photoelectrode preparation: The preparation of the photo-
electrode was performed by adopting doctor-blade technique on
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a conducting glass (FTO, 15e20 U/sq), which has been rinsed with
distilled water and fully soaked in isopropanol for 3 h to increase its
hydrophilicity before use.

The paste containing TiO2 with a diameter of 13 nm (Ti-Nano-
xide D, Solaronix) was spread on FTO glass. In order to obtain films
with the same thickness, four pieces of FTO glasses with adhesive
tape, which placed as spacers, were put in parallel when spreading
the paste. The films were dried under mild condition and then
annealed at 500 �C for 1 h. Finally the dye-sensitized electrodes
were prepared by immersing the obtained films in mixed solution
of dyes (ethanol/THF for DH-1 and DH-3, ethanol/DMF for DH-2
and N719 for ethanol, 3 � 10�4 mol/L of all) overnight.
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and the counter electrode, the photoelectrochemical property of
the DSSC was measured.

DSSC evaluation: For the characteristic photocurrentevoltage
(JeV) measurements, the DSSC was illuminated by light with
energy of a 100 mW cm�2 (AM1.5) from a 300 W solar simulator
(Newport, 91160). A computer-controlled Keithley 2400 source
meter was employed to collect the JeV curves.

3. Results and discussion

The synthetic route for DH-1, DH-2 and DH-3 is depicted in
Scheme 1. The azide intermediate 4 was obtained by nucleophilic
substitution of 4-bromo-2,5-bis(hexyloxy)benzaldehyde with 4-
methylbenzenesulfonyl azide in the presence of n-BuLi, in which
the aldehyde group was initially protected by transforming it into
acetal with 1,3-propylene glycol and then deprotected in dilute HCl.
Later, cyanoacetic acid was linked with 4 through a Knoevenagel
condensation to afford the intermediate 5. The terminal alkynes (6,
7 and 8) were synthesized by Sonogashira coupling reaction of 2-
methylbut-3-yn-2-ol with the corresponding brominated triphe-
nylamine derivatives and then by an acetone-elimination proce-
dure, respectively. Finally, the target dyes (DH-1, DH-2 and DH-3)
were obtained in high yield via a ‘Click’ reaction of azide interme-
diate 5with the terminal alkynes (6, 7 and 8). In addition, the long-
chain alkoxy group was present in the target molecules to improve
the solubility. All the intermediates and DH dyes were character-
ized by standard spectroscopic methods and elemental analysis.

The UVevis absorption spectra of the DH dyes in dilute dioxane
solution (1 � 10�5 M) and in solid absorbed on thin TiO2 film are
presented in Figs. 2 and 3, respectively. The corresponding data are
summarized in Table 1.

As can be seen in Fig. 2, DH-1 and DH-2 exhibit obvious
maximum absorption bands at two distinct regions. One is at about
310 nm corresponding to the pep* electron transition of the
Table 1
Photophysical properties of DH dyes.

DH dye lmax
a (nm) lmax

b (nm) 3
c (104 M�1 cm�1)

DH-1 312, 388 330, 420 3.28, 1.51
DH-2 320, 405 329, 405 6.00, 3.73
DH-3 348 (302)d 419 6.08

a Absorption maximum in solution.
b Absorption maximum adsorbed on TiO2 thin film.
c The molar extinction coefficient at lmax in solution.
d A shoulder peak.
localized conjugation skeleton, and the other is around 400 nm that
can be assigned to an intramolecular charge transfer (ICT) between
the central tripheylamine (electron-donor) and the cyanoacetic
acid (electron-acceptor) anchoring moieties. As for DH-3, the
absorption band of ICT occurs at around 350 nm and the pep*
electron transition of the localized conjugation skeleton is only
exhibited as a shoulder peak at about 300 nm. By comparison, it is
found that the absorption maximum of ICT for DH-1 and DH-2 is
clearly more red-shifted than that of DH-3 since the strong
molecular polarity of DH-1 and DH-2 favors the ICT electron
delocalization. After being adsorbed on the surface of TiO2 film,
the UVevis absorption of all DH dyes (shown in Fig. 3) shows
a dramatic red-shift as compared to those in solution (especially
the DH-3 dye) and the absorption intensity in the range of
300e500 nm are significantly enhanced. This may be due to
the increased delocalization of the p* orbital of the conjugated
framework caused by the interaction between the carboxylate
group and the Ti4þ ions that directly decreases the energy of the p*
level. In addition, the introduction of long-chain alkoxy groups
endow the DH dyes with a high extinction coefficient as shown in
Table 1, suggesting that their light-harvesting should operate
efficiently.

The redox behavior of DH dyes was studied by cyclic voltam-
metry (in Fig. 4) for the purpose to investigate the ability of electron
transfer from the excited dye molecules to the conductive band of
4
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Table 2
Electrochemical properties of DH dyes.

DH dye Ered
a (V) Eox

b (V) LUMOc (eV) HOMOd (eV) Egap (eV)

DH-1 �0.86 0.96 �3.50 �5.32 1.82
DH-2 �0.83 0.91 �3.54 �5.28 1.74
DH-3 �0.81 0.98 �3.51 �5.30 1.99

a Estimated from the onset reduction potential.
b Estimated from the onset oxidation potential.
c Calculated with the formula ELUMO ¼ �{Ered þ [4.8 � E(Fc/Fcþ)]}eV.
d Calculated with the formula EHOMO ¼ �{Eox þ [4.8 � E(Fc/Fcþ)]}eV.
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TiO2. The cyclic voltammograms of DH dyes were measured in
a solution of 0.1 M n-Bu4NPF6 in DMF. A three-electrode cell con-
taining a Pt-coil working electrode, a Pt wire counter electrode and
a Ag/AgCl reference electrode was employed. The ferrocene/ferri-
cenium (Fc/Fcþ) redox couple was used as an internal reference.

As can be seen in Fig. 4, all the DH dyes show the irreversible
wave on the reduction side. The onset reduction potential
around �0.80�0.86 V gives the LUMO energies of DH dyes
around �3.50 eV, summarized in Table 2 which are higher than the
TiO2 conduction band (�3.9 eV) [22,23] as shown in Fig. 5. This
indicates that the electron injection process is energetically favor-
able compared with the conduction band edge energy level of the
TiO2 electrode (�0.5 V vs NHE) [24]. The onset oxidation potential
around 0.9 eV can be attributed to the oxidation of the TPA group.
The HOMO energies around 5.30 eV (Table 2) are lower than the I/I3�

potential, suggesting that there is enough driving force for the
regeneration of the dye.

The frontier molecular orbitals (HOMO and LUMO) of the DH
dyes at the B3LYP/6-31G level are shown in Fig. 6, and the surfaces
are generated with an isovalue at 0.02. As can be seen, the
electron density is uniformly distributed along the triphenylamine
unit at the HOMO state; whereas at the LUMO level, excited elec-
trons are shifted to the p-electron system of the anchor group
(phenyl-substituted cyanoacrylic acid unit), which is due to the ICT
along the p-conjugated skeleton. Therefore, it can be expected that
the excited electron will be effectively injected into the conduction
band of TiO2 through the carboxyl anchor group as well as the
adjacent electron-withdrawing cyano group. In addition, the
results of calculation indicate that the introduction of the
1,2,3-triazole group favors spatial separation of HOMO and LUMO
energy levels of the DH dyes. Generally, the good spatial separation
and the twisted non-planar geometric structure of triphenylamine
Fig. 6. The frontier HOMO and
unit can effectively suppress the charge recombination, and
enhance the open-circuit voltage.

The photovoltaic properties of the solar cells based on DH dyes
were measured under standard AM 1.5G irradiation. As shown in
Fig. 7 and Table 3, all of theDH dyes have a comparable fill factor (ff)
value, which is higher than that of the N719-based cell. However,
the Voc values of DH dyes is different and in the order of
DH-1 > DH-2 > DH-3 that decreases with increasing branches. The
downtrend of Voc is mostly associated with the positive shift of the
conduction band (CB) edge of the TiO2 photoanode [25] and inad-
equate control of charge recombination at the TiO2/dye/electrolyte
interface [26], which could be both caused by increasing anchor
groups for series DH dyes. Similar phenomenon has been observed
in the other triphenylamine-based organic dyes containing a thio-
phen bridge reported by Zhan et al. [27]. Since more protons are
provided and transferred to the TiO2 surface upon adsorption with
the increment of anchoring groups in the DH dyes, they can charge
the CB edge of the TiO2 photoanode more positively and lead to
a lower Voc [27].

It has been reported that charge recombination can be decel-
erated by introducing the non-planar charge-separated structure
[28,29] and the alkoxy chains can act as a suppression function of
the charge recombination [30]. In addition, the introduction of
LUMO orbitals of DH dyes.



Table 3
Photovoltaic performances of DSSCs based on DH dyes and N719.

DH dye Voc (V) Jsc (mA/cm2) ff h (%)

DH-1 0.69 6.85 0.63 3.00
DH-2 0.59 5.56 0.65 2.13
DH-3 0.56 4.45 0.63 1.58
N719 0.61 14.04 0.57 4.86
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electron-withdrawing 1,2,3-triazole group does favor the spatial
charge separation in DH dyes. Thus, all DSSCs based on DH dyes
show a relatively high Voc value. Especially, the Voc value of DH-1-
based cell is even higher than that of the N719-based cell. However,
the Jsc values of the DH dye cells are far from the N719-based cell
device. The narrow absorption band of DH dyes is the crux of the
problem. In addition, the electron-withdrawing 1,2,3-triazole
structure, which seems to favor enhancing Voc value, possibly
hinders the electron injection into the CB of TiO2 that is adverse to
the generation of photocurrent. Indeed, from the point of view of
practical application, DH dyes are not panchromatic, since only
a narrow part of the solar spectrum is absorbed. However, this
situation can be improved through modifying the structure such as
to extend p-backbone in this similar family of dyes. The structural
modification and optimal measurement of the photovoltaic prop-
erties for the series DH dyes are still in progress.

4. Conclusions

Three new metal-free organic dyes (DH-1, DH-2 and DH-3)
composed with different branched numbers of anchoring groups
have been synthesized through a convenient ‘Click’ reaction. The
introduction of the 1,2,3-triazole unit is favorable for the charge
separation of the DH dyes, which can effectively suppress the
charge recombination and increase the Voc and fill factor of DH-
based DSSCs. However, the introduction of more branched struc-
ture in the DH dyes makes the molecular polarity decrease that
leads to the narrow and blue-shifted absorption and is unfavorable
for the DSSCs performance. This work provides beneficial infor-
mation for developing similar families of new organic dyes for
DSSCs.
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