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a b s t r a c t

A series of azo dyes containing salicylaldimine-based ligands as side chains were prepared and character-
ized. Absorption and emission data in five solvents of different polarities were studied. Photoirradiation
studies under an oxygen atmosphere in water showed that the Schiff base side chains enhanced the photo-
oxidative stability of the azo chromophore. The electrochemical properties of the dyes were investigated
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by a cyclic voltammetry. The synthesized salicylaldimine-based azo dyes gave two irreversible oxidation
potentials. Complexation behavior of synthesized compounds with titanium (IV) ions was illustrated
by the change in their absorption spectra. These ligands are appropriate sensitizers for anchoring to
the TiO2 surface chemically in dye-sensitized solar cell (DSSC) productions. Electron injection capacities
to TiO2 and photovoltaic performance of the synthesized salicylaldimine-based azo dyes were tested
omplex formation
SSC

with DSSC.

. Introduction

Azo dyes are well-known class of organic photoactive mate-
ials due to their excellent optical switching properties, good
hemical stabilities and high solution process abilities [1,2]. These
aterials are widely used in heat transfer printing and textile

ndustries [3,4], optical data storage [5], switching technologies
6] and photo-refractive polymer industries [7]. Also, azo dyes are
sed as sensitizers in dye-sensitized solar cells (DSSCs) based on
hotosensitization of nanocrystalline titanium dioxide (nc-TiO2)
8]. Chelating activity with metal ions, easy and low cost produc-
ion of azo dyes are some of their advantages with reference to
ther organic sensitizers used in DSSCs. In order to improve the
hoton-to-electric conversion efficiency (PCE), the dye has to be

n close contact with the semiconductor surface. As a result, elec-
ron injection rate from the excited state HOMO level of the dye to
he conduction band (CB) of metal oxides reaches to femto second
evel. In particular, the preferred dyes including anchoring groups
uch as carboxylates and phosphonates that provide an efficient
nteraction with the surface of semiconductor give a simple way to
nject the electrons to the conduction band of the metal oxide [9].
Salicylaldimine-based azo ligands [10–13] are the most impor-
ant class of chelating ligands that are extensively studied in
oordination chemistry of transition metals. The Schiff bases form a
eries of complexes with most of the metal ions such as Cu(II) [14],

∗ Corresponding author. Tel.: +90 236 2412151/2543; fax: +90 236 2412158.
E-mail address: haluk.dincalp@bayar.edu.tr (H. Dinçalp).
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oi:10.1016/j.jphotochem.2009.12.012
© 2009 Elsevier B.V. All rights reserved.

Ni(II) and Zn(II) [15,16], Co(II) [16], Fe(III) [17]. Also, they are used as
optical materials because of their interesting photochromic prop-
erties [18,19]. Schiff bases may become promising dye sensitizer in
molecular photovoltaic cells if combined their chelating activities
and other properties. In particular, the use of salicylaldimine-based
azo ligands as sensitizers in DSSCs provides a direct interaction with
the surface of TiO2.

In the present work, we present three new azo dyes containing
salicylaldimine group as sensitizers for DSSCs. The aim of attach-
ing a nitro group at one end of the molecule is to obtain stable
compound against oxidation. Nitro aromatic compounds are resis-
tant to oxidative attack because of their electron-withdrawing
nature [20]. We have synthesized the azo monomers com-
bined with the salicylaldimine-based ligands substituted with
different electron-withdrawing groups (Scheme 1). The character-
istics of the absorption and emission spectra of the synthesized
salicylaldimine-based azo ligands have been identified in five
solvents of different polarities. Also, we have investigated the com-
plexation behavior of the synthesized compounds with Ti(IV) ions.
Photovoltaic performance of DSSCs based on these new type sali-
cylaldimine compounds has been investigated.

2. Experimental details
2.1. Materials and methods

All reagents and solvents used were purchased from Merck
Chemical Company. 1H and 13C NMR spectra were measured on
a Bruker spectrometer operating at 400 MHz. The IR spectra of

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:haluk.dincalp@bayar.edu.tr
dx.doi.org/10.1016/j.jphotochem.2009.12.012
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Scheme 1. Synthet

he synthesized compounds were measured on a Perkin Elmer-
pectrum BX spectrophotometer by dispersing samples in KBr
ellets. LC–MS spectroscopy was obtained on an Agilent 1100 MSD
pectrometer.

UV–vis spectra measurements were performed by a JASCO
-530 UV–VIS diode array spectrophotometer, and fluorescence
pectra measurements were performed with a PTI QM1 fluores-
ence spectrophotometer. Quantum yields of fluorescence were
easured by comparing the fluorescence intensity of the sample

o that of the optically dilute solutions of Riboflavin in ethanol
˚f = 0.30, �exc = 450 nm) [21]. All the experiments were carried out
t 25 ◦C, and all the compounds were analyzed at an optical density
f below 0.1.

Electrochemical properties of the materials were studied by
yclic voltammetry (CV). CV measurements were recorded by
H 660B model potentiostat from CH instruments using a three-
lectrode one-compartment cell equipped with a glassy carbon
orking electrode (WE), a platinum counter electrode (CE), and
g/AgCl (in 3 M KCl solution) reference electrode (RE). The support-

ng electrolyte was 0.1 M [TBA][PF6] in acetonitrile. The milimolar
olutions of the dyes were prepared in spectroscopic grade ace-
onitrile. The oxidation potential of ferrocene/ferrocenium redox
ouple (Fe/Fe+) used as an internal reference was observed at
0.41 V.

.2. Synthesis of TiO2 nano-particles and electrode preparation

Synthesis of TiO2 nano-particles was achieved by modification
f procedure reported by Graetzel and co-workers [22]. 58.6 g tita-
ium tetra isopropoxide Ti(OiPr)4 was added to 12 g glacial acetic
cid. The solution was added dropwise into the 290 ml cooled
eionized water under vigorous stirring, pH of the solution was
djusted to 1–2 by adding 5.4 ml nitric acid (65% HNO3). The sol
as peptized at 78 ◦C for 75 min in the oven, and then diluted to

70 ml by adding deionized water. The sol was transferred to the
eflon beaker equipped autoclave and heated at 235 ◦C for 12 h for
ydrothermal growth of the particles. After cooling down the sus-
ension, 2.4 ml nitric acid (65% HNO3) was added and sonicated

ith ultrasonic horn 200 W power for 10 min in order to break

gglomerates. Then, the suspension was concentrated to 16.5%
w/w) TiO2. Remaining all water was exchanged with ethanol by
entrifuging and 40% (w/w) TiO2 paste was obtained. After the
ddition of 4.5% ethyl cellulose in ethanol and 79 g anhydrous �-
es of azo dyes 1–4.

terpineol, the obtained paste was sonicated again by ultrasonic
horn at 200 W power for 10 min. All the ethanol in the paste was
removed by rotary evaporator.

The TiO2 paste was coated on transparent SnO2 coated glass
electrodes (SnO2: F, TEC15, Rsheet: 15 ohm/�) by screen printing
technique (polyester screen with 77 T mesh). Dried TiO2 electrodes
were sintered at 500 ◦C for 1 h with 10 ◦C/min heating rate. Finally,
mesoporous TiO2 film with 20 nm particle size and 4 �m thick-
nesses was obtained.

2.3. Sensitization with dye and DSSC assembly

TiO2 electrodes were immersed in dye solution containing
0.3 mM Z-907 in acetonitrile:tert-butanol (1:1), 0.3 mM azo dyes 3
and 4 in chloroform:methanol (1:1) overnight while electrode tem-
perature is around 100 ◦C. Sensitized TiO2 electrodes were rinsed
with pure acetonitrile and kept in desiccator. Platinized FTO coated
electrode was used as a counter electrode was prepared by thermal
reduction of 1% (v/v) 2-propanol solution of hexachloroplatinic acid
to the metallic platinum. Drop casted electrodes annealed at 380 ◦C
for 30 min. The DSSCs were prepared by placing the electrodes in
sandwich geometry top of each other and in the middle 50-�m
thick thermoplastic polymer frame Surlyn® 1702 (DuPont). The
electrodes sealed by heating around 100 ◦C and pressing slightly.
Electrolytes consist of iodide/triiodide redox couple filed into cell
via pre-drilled small hole by vacuum. The electrolyte composi-
tion was 0.6 M 1-butyl-3-methyl-imidazolium iodide (BMII), 0.1 M
lithium iodide (LiI), 0.05 M iodine (I2) dissolved in 3-methoxy
propyonitrile (MPN). The active areas of the prepared solar cells
adjusted to 1.0 cm2 by using mask.

The performance of the dye-sensitized TiO2 solar cells
was compared to the commercially available ruthenium
dye (Z-907) Ru(4,4′-dicarboxy-2,2′-bipyridine)(4,4′dinonyl-
2,2′bipyridine)(NCS)2. The photovoltaic characterizations of the
DSSCs were done under the dark and standard conditions by
illumination of AM1.5 global radiation with 100 mW/cm2 light
intensity.
The photovoltaic parameters of DSSC solar cells can be obtained
from the following equations:

FF = VmIm
VocIsc

(1)
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= IscVocFF

PlightA
(2)

here FF is filling factor, Voc is the open circuit voltage, Isc is the
hort current. Im and Vm are the current and potential maximum
ower point, respectively, Plight is the intensity of incident light,
nd A is the cell area.

.4. Synthesis

.4.1. Synthesis of 6-aminoethyl nicotinate
A mixture of 2 g (14.5 mmol) of 6-aminonicotinic acid, 6.2 ml

106.5 mmol) of absolute ethanol and 2.7 ml of concentrated sul-
uric acid on a steam bath was refluxed for 5 h. The solution was
ooled to room temperature and slowly poured on to 12 g of
rushed ice. A sufficient ammonia solution was added until the
esulting solution was alkaline. The mixture was extracted with
hree 25 ml portions of ether. The combined ethereal extracts were
ried over magnesium sulfate. Then, the ether was removed by
ash distillation. The purity of the compound was controlled by
LC (chloroform:methanol/60:40). C8H10O2N2, Yield: 78%, FT-IR
KBr, cm−1): 3411 and 3322 (�N–H), 3137, 1692 (�C O ester), 1647,
600, 1513, 1367, 1272, 1135 cm−1. 1H NMR (400 MHz, CDCl3, ı
.26 ppm): ı = 8.67 (1H, s); 8.02 (1H, dd, J1 = 8.6 Hz, J2 = 2.3 Hz); 6.51
1H, d, J = 8.6 Hz); 5.41 (2H, broad s); 4.33 (2H, q, J = 7.0 Hz); 1.35
3H, t, J = 7.0 Hz) ppm.

.4.2. Synthesis of 3,5-diisopropyl-4-aminobenzenesulfonic acid
8.7 ml of concentrated sulfuric acid was added dropwise to the

0 ml (50 mmol) of 92% 2,6-diisopropyl aniline in an ice-bath with
igorous stirring. The mixture was stirred at 180 ◦C for 5 h. Then, the
eaction mixture was cooled to room temperature and poured on to
0 g of crushed ice. The black precipitate was collected by a suction
ltration. The precipitate was dissolved in 100 ml of boiling water
nd the solution was treated with 1 g of decolorizing charcoal. The
ixture was stirred for 15 min and clarified by a suction filtration.

he precipitate was collected by a suction filtration, washed well
ith cold water and recrystallized from water to give white crys-

als. C12H19O3NS, Yield: 40%, FT-IR (KBr, cm−1): 3400 (�O–H), 3126
nd 3092 (�N–H), 2969 and 2873 (�C–H isopropyl), 1625, 1549, 1233,
177, 1076, 1040, 735, 640 cm−1. 1H NMR [400 MHz, DMSO-d6, ı
.48 ppm (5 peaks)]: ı = 7.41 (2H, s); 3.15 (2H, m, J = 7.0 Hz); 1.17
12H, d, J = 7.0 Hz) ppm. 13C NMR [100 MHz, DMSO-d6, ı 40.85 ppm
7 peaks)]: 146.64; 139.87; 129.53; 121.84; 27.74 (–CH(CH3)2);
4.00 (–CH(CH3)2) ppm.

.4.3. Synthesis of 1-[3-(((4-ethylcarboxylate
yridyl)imino)methyl)-4-hydroxyphenylazo]-4-nitrobenzene (2)

The title compound was prepared using a procedure given
n the patent application [23]. A mixture of 0.5 g (1.84 mmol)
f azo dye 1 [26] and 0.31 g (1.84 mmol) of 6-aminoethyl
icotinate in 20 ml of ethanol was refluxed under a nitrogen
tmosphere with stirring for 8 h. The reaction was monitored by
LC (toluene:methanol/90:10). The mixture was cooled to room
emperature and an orange precipitate was filtered by a suction
ltration. The solid was recrystallized from ethyl acetate to afford
range crystals. C21H17O5N5, Yield: 85%, FT-IR (KBr, cm−1): 3316
�O–H), 1709 (�C O ester), 1622 (�CH N), 1588, 1558 and 1521 (�N N;
is and trans), 1342 (�NO2 ), 1104, 1018 cm−1. 1H NMR (400 MHz,
DCl3, ı 7.25 ppm): ı = 9.65 (1H, s); 9.15 (1H, s); 8.42 (1H, d,

= 1.6 Hz); 8.40 (2H, dd); 8.37 (1H, d); 8.24 (1H, d, J = 1.6 Hz); 8.14
1H, dd, J1 = 9.4 Hz, J2 = 2.3 Hz); 8.02 (2H, d, J = 8.6 Hz); 7.40 (1H, d,
= 7.8 Hz); 7.17 (1H, d, J = 9.4 Hz); 4.45 (2H, q, J = 7.0 Hz); 1.44 (3H,
, J = 7.0 Hz) ppm. 13C NMR [100 MHz, CDCl3 ı 77 ppm (3 peaks)]:
10–166 (17 different C atoms including aromatic and imine C
hotobiology A: Chemistry 210 (2010) 8–16

atoms); 61.76 (–O–CH2–); 14.50 (–CH2–CH3) ppm. LC/MS–API-
ES: [M]•+ = 419 molecular ion peak; 348 [M]•+–COOC2H5; 314
[M]•+–NO2–OH–OC2H5; 286 [M]•+–NO2–OH–COOC2H5; 270
[M]•+–C8H8NO2; 256 [M]•+–C8H8N2O2; 167; 149; 113.

2.4.4. Synthesis of 1-[3-(((4-carboxypyridyl)imino)methyl)-4-
hydroxyphenylazo]-4-nitrobenzene
(3)

50 mg (0.12 mmol) of azo dye 2 was added to a solution of
16 mg (0.12 mmol) of potassium carbonate in 4 ml of methanol.
The mixture was heated to boiling for 30 min or until no start-
ing compound could be detected on TLC (toluene:methanol/90:10)
plate. The reaction mixture was cooled to room temperature. A
solution of the concentrated hydrochloric acid in methanol was
added dropwise into the reaction mixture with vigorous stirring
and the pH value of the solution was adjusted to 5. A red pre-
cipitate was collected by a suction filtration. The pure product
was dried at 80 ◦C overnight. C19H13O5N5, Yield: 92%, FT-IR (KBr,
cm−1): 3434 (�O–H), 1717 (�C O carboxylic acid), 1616 (�CH N),
1588, 1558, 1518 and 1474 (�N N; cis and trans), 1342 (�NO2 ),
1286, 1104, 1004 cm−1. 1H NMR [400 MHz, DMSO-d6, ı 2.42 ppm
(5 peaks) and 3.29 H shift of water]: ı = 10.35 (1H, s); 8.48 (1H,
d, J = 2.3 Hz); 8.41 (2H, d, J = 9.4 Hz); 8.24 (1H, d, J = 2.3 Hz); 8.14
(1H, dd, J1 = 8.6 Hz, J2 = 2.3 Hz); 8.04 (2H, d, J = 8.6 Hz); 7.81 (1H,
dd, J1 = 8.6 Hz, J2 = 2.3 Hz); 7.19 (1H, d, J = 9.4 Hz); 6.78 (1H, s);
6.44 (1H, d, J = 9.4 Hz) ppm. LC/MS–API-ES: [M]•+ = 391 molec-
ular ion peak; 348 [M]•+–COOH; 314 [M]•+–NO2–2OH; 286
[M]•+–NO2–OH–COOH; 267; 258; 167; 149; 113.

2.4.5. Synthesis of 1-[3-(((2,6-diisopropyl-4-
sulfophenyl)imino)methyl)-4-hydroxyphenylazo]-4-nitrobenzene
(4)

A similar procedure to the one given above was followed. A
mixture of 0.3 g (1.1 mmol) of azo dye 1 and 0.28 g (1.1 mmol) of
3,5-diisopropyl-4-aminobenzenesulfonic acid in 10 ml of ethanol
was refluxed under a nitrogen atmosphere with stirring for 6 h.
The mixture was cooled to room temperature and a pale red
precipitate was filtered by a suction filtration. The purity of the
compound was controlled by TLC (chloroform:methanol/90:10).
C25H26O6N4S, Yield: 87%, FT-IR (KBr, cm−1): 3434 (�O–H), 2969
(�C–H isopropyl), 1625 (�CH N), 1527 (�N N), 1342 (�NO2 ), 1183,
1043 cm−1. 1H NMR [400 MHz, DMSO-d6, ı 2.47 ppm (5 peaks)
and 3.29 H shift of water]: ı = 8.75 (1H, s); 8.44 (1H, d, J = 1.6 Hz);
8.41 (2H, d, J = 8.6 Hz); 8.10 (1H, dd, J1 = 8.6 Hz, J2 = 1.6 Hz); 8.04
(2H, d, J = 8.6 Hz); 7.45 (2H, s); 7.20 (1H, d, J = 8.6 Hz); 2.90 (2H,
m, J = 7.0 Hz); 1.12 (12H, d, J = 7.0 Hz) ppm. 13C NMR [100 MHz,
DMSO-d6, ı 40.49 ppm (7 peaks)]: 119–166 (15 different C atoms
including aromatic and imine C atoms); 28.47 (–CH(CH3)2);
23.85 (–CH(CH3)2) ppm. LC/MS–API-ES: [M]•+ = 510 molecu-
lar ion peak; 422 [M]•+–2CH(CH3)2; 391 [M]•+–C6H4NO2; 348
[M]•+–2CH(CH3)2–SO3H; 286 [M]•+–NO2–OH–2CH(CH3)2–SO3H;
267 [M]•+–C12H17O3S; 258 [M]•+–C12H17NO3S; 167; 149; 113.

3. Results and discussion

3.1. Spectral properties of dyes

Normalized steady-state absorption spectra of the reference
compound azo dye 1 and salicylaldimine-based azo ligands in THF
at room temperature are shown in Fig. 1. The reference compound
azo dye 1 shows characteristic absorption peaks at 362 nm and a

shoulder band at 457 nm, which are denoted to its (0,1) and (0,0)
bands, respectively. Upon the introduction of salicylaldimine group
to the azo benzene core, a bathochromic shift is observed.

We have studied the absorption and the fluorescence behaviors
of azo dyes 1–4 in solvents of having different dielectric constants
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Fig. 2. Comparison of normalized fluorescence spectra of azo dye 3 in solvents of
different polarities (�exc = 450 nm).

T
T

ig. 1. Normalized UV–vis absorption spectra of azo dyes 1–4 in tetrahydrofuran.

ummarized in Table 1 and shown in Fig. 2. All of the compounds
xhibit a major emission peak at a wavelength shorter than the
inor peak. The major peak appears around 525 nm. The minor

eak is seen as a red-shifted shoulder on the major emission peak.
he emission spectra of all compounds in water (data not shown)
re structureless while the same spectra give a good shape of bands
n other organic solvents. The structurelessness of the emission
ands in water solution may be attributed to the aggregation of
zo dyes in water.

Another striking feature of the studied compounds is detected
n the excitation spectra. It is well known that many salicylidene
nilines exhibit inter- and intramolecular proton transfer reactions
nd give more than one structural form in the ground and excited
tates [24–27]. In our previous work, we demonstrated that the
xcited enol form of azo chromophores containing thiophene moi-
ty and salicylaldimine-based ligand was converted to the keto
orm [28]. Also, it was noted that the hydrogen bonding ability of

he solvents facilitated the formation of intramolecular hydrogen
onded enolic forms [29]. Fig. 3 gives a comparison of the UV–vis
nd the excitation spectra of azo dye 3 in ethyl acetate. Excita-
ion spectrum of azo dye 3 at the collected emission wavelength
f 530 nm is not identical with S0–S1 absorption band of the dye.

Fig. 3. Normalized UV–vis absorption, fluorescence and excitation spectra (with
ball) of azo dye 3 in ethyl acetate (�exc = 450 nm, �em = 530 nm).

able 1
he visible absorptions, fluorescence emissions, and Stokes shifts (��) data of azo dyes 1–4 in solvents of different polarities (� (nm), ε (l mol−1 cm−1)) (�exc = 450 nm).

Solvent εa Compound �max εmax �longest
max �em (max) ��

Chloroform 4.8 1 359 20,900 466 529 79
2 379 20,830 485 534 84
3 378 17,270 485 534 84
4 267 2660 457 528 78

Ethyl acetate 6.0 1 356 21,800 465 527 77
2 373 21,270 482 526 76
3 370 11,450 485 526 76
4 277 3600 457 517 67

Tetrahydrofuran 7.6 1 362 20,180 468 528 78
2 271 8610 484 528 78
3 273 12,150 484 530 80
4 268 6500 457 528 78

1-Butanol 17.8 1 380 16,830 461 525 75
2 407 7520 451 536 86
3 276 2990 454 536 86
4 380 9940 467 528 78

Water 80.2 1 381 1140 457 533 83
2 447 2010 447 530 80
3 448 1960 448 529 79
4 379 5670 453 529 79

a Dielectric constant, ε, is taken from Ref. [30].
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Table 2
Fluorescence emission data, fluorescence quantum yields (˚f), radiative lifetimes (�0 (ns)), fluorescence lifetimes (�f (ns)), fluorescence rate constants (kr

f
× 108 (s−1)),

non-radiative rate constants (knr × 1011 (s−1)), and singlet energies (Es (kcal mol−1)) of azo dyes 1–4 in solvents of different polarities (�exc = 450 nm)a.

Solvent Compound Фf �0 �f kr
f

knr Es

Chloroform 1 0.0011 1.9 0.002 5.2 4.9 62.2
2 0.0025 1.6 0.004 6.1 2.5 59.8
3 0.0016 1.6 0.003 6.3 3.8 59.8
4 0.0012 4.9 0.006 2.1 1.7 63.4

Ethyl acetate 1 0.0049 1.7 0.009 5.7 1.1 62.4
2 0.0012 1.6 0.002 6.4 5.3 60.2
3 0.0023 2.4 0.006 4.1 1.8 59.8
4 0.0011 5.6 0.006 1.8 1.6 63.4

Tetrahydrofuran 1 0.0012 1.5 0.002 6.6 5.6 62.0
2 0.0013 2.2 0.003 4.6 3.7 60.0
3 0.0024 1.5 0.004 6.7 2.8 59.9
4 0.0017 2.9 0.005 3.4 1.9 63.4

1-Butanol 1 0.0007 2.0 0.001 5.1 7.5 63.0
2 0.0013 7.0 0.009 1.4 1.1 64.3
3 0.0018 6.1 0.011 1.7 0.9 63.8
4 0.0008 3.6 0.003 2.8 3.3 62.1

Water 1 0.0016 1.4 0.002 7.3 4.4 63.5
2 0.0008 0.4 <0.001 23.5 30.4 64.8

0.2
3.3

ax εma
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F
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4
(
−

3 0.0005
4 0.0005

a Photophysical parameters are calculated with the formulas: �0 = 3.5 × 108 (�2
m

t shows a sharp peak at 480 nm and a minor peak at 450 nm.
dditionally, the normalized emission spectra of the azo dye 3
ave no mirror-image relationship with their respective absorption
pectrum. These results support the intramolecular proton transfer
eaction in the excited state and explain the formation of keto form
f the compound. All of the excitation measurements of azo dyes
–4 with the employed solvents have given similar results (data
ot shown). Although the reference compound azo dye 1 has no
alicylaldimine group as side chains, p-hydroxyl group initiates the
ormation of hydrazone tautomer. However, in other structures,
he most possible position of the tautomerization is between the
ydroxyl group and the Schiff base group.

No clear relationship is determined between the solvent polar-

ty and the absorption or emission wavelengths of the studied

olecules, excluding those in 1-butanol and water solutions. The
ompounds give a marked bathochromic shift in absorption and
mission maxima in these solutions compared to the same spectra

ig. 4. Stern–Volmer plots of azo dyes 1–4 irradiated under Xe lamp exposure
n the fluorescence spectrophotometer in water at the excitation wavelength of
50 nm for 1 h (�em = 530 nm) under an air oxygen atmosphere. Lineer equations:
1: −2.2 × 10−5X − 0.0076; R2: 0.97), (2: −7.2 × 10−6X − 3.8 × 10−5; R2: 1.0), (3:
9.6 × 10−6X + 6.6 × 10−5; R2: 0.99) (4: −8.8 × 10−6X − 3.7 × 10−4; R2: 1.0).
<0.001 55.3 101.0 64.7
0.002 3.1 6.6 64.0

x ��1/2), kf = 1/�f = kr
f
+ knr , kr

f
= 1/�0, �f = �0 ˚f [31,32].

recorded in chloroform, ethyl acetate, and tetrahydrofuran. Hydro-
gen bonding ability of the compounds with 1-butanol or water is
evidently stronger than that of the solvents containing no hydroxyl
moieties. Proton donating ability of the solvents stabilizes the
charge transfer state better than the ground state of the molecule
due to the interaction of the protons with the unshared electron
pairs of the enol oxygen and the diazo nitrogen atoms and enhance
the formation of inter- and intramolecular hydrogen bonded eno-
lic form of the molecule, which creates a charge transfer acceptor
form in the excited state. As a result, energy difference between the
ground state and the excited state of the molecule decreases and a
bathochromic shift occurs.

Aggregation tendency of the molecules in water is responsi-
ble for the lowest fluorescence quantum yield values among the
studied solutions. Fluorescence quantum yields and calculated
photophysical data of the compounds in solvents of different polar-
ities are summarized in Table 2. High non-radiative decay rate
constant values in water support the aggregation behaviors of the
compounds in water solution. The longest radiative lifetimes are
observed for azo dye 4. Generally, fluorescence quantum yields of
azo dye 4 in the studied solvents are lower than that of the other
compounds. This behavior may be explained by the low tautomer-
ization capability of the azo dye 4 in the respective solvents. Bulky

isopropyl groups may prevent the replacement of hydrogen atom in
the tautomerization process so that the less planar structural form
of azo dye 4 is obtained. Conformational relaxation is increased
with respect to the other studied compounds. As a result, fluores-
cence quantum yield of azo dye 4 decreases.

Table 3
Photodecomposition rate constants (kp × 10−6 (s−1)) of azo dyes 1–4 obtained under
Xe lamp exposure in the fluorescence spectrophotometer in water (�exc = 254 and
450 nm) for 1 h at the collected emission wavelength of 530 nm under an argon or
an air oxygen atmosphere.

Dye Saturated with argon Saturated with air oxygen

254 nm 450 nm 254 nm 450 nm

1 21.2 3.5 34.8 22.1
2 44.5 2.8 4.7 7.2
3 18.7 1.8 52.1 9.6
4 22.9 34.0 11.5 8.8
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Table 4
Cyclic voltammetry data for azo dyes 1–4a.

Dye E0
red 3

(V) E0
red 2

(V) E0
red 1

(V) E0
ox 1 (V) E0

ox 2 (V) LUMO-1 (eV) LUMO (eV) HOMO (eV) HOMO-1 (eV) Egap1 (eV) Egap (eV)

1 −1.33 −1.00 −0.72 1.18 −3.67 −5.57 1.90
2 −1.33 −0.98 −0.81 1.18 1.48 −3.41 −3.58 −5.57 −5.87 2.46 1.99
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the literature [40–42]. Also, FT-IR bands at 1706 and 1836 cm−1

are attributed to the stretching vibrations of the Schiff base CH N
group and the carboxylic acid C O group of the complex structure.
Also, iminium N–H infrared band of complex is observed at 3327
3 −1.40 −0.98 −0.81 1.18 1.48 −3.41
4 −1.25 −1.00 −0.79 0.98 1.38 −3.39

a ELUMO = −(4.8 + Eonset
red

), EHOMO = ELUMO − Egap [35].

.2. Photostability of dyes

The dyes were irradiated by Xe lamp exposure in the flu-
rescence spectrophotometer in water for 1 h at the excitation
avelengths of 254 and 450 nm under argon or air atmosphere.

hotodecomposition behaviors of the compounds have been
etected by monitoring the decrease of the emission intensity at
he collected emission wavelength of 530 nm (Fig. 4). Photode-
omposition rate constants of azo dyes 1–4 are calculated by the
ormula [33], ln(I0/I) = kp × t, where I0 and I are the emission inten-
ities of the dyes before and after the irradiation, respectively, kp

s the photodegradation rate constant and t is the irradiation time.
he results were summarized in Table 3. Photodecomposition rate
onstants at 254 nm are much higher than that of at 450 nm. Higher
nergy radiation at 254 nm initiates numerous radicalic reactions
hich accelerate the decomposition of molecule. As seen, it is obvi-

us that molecular oxygen or excited oxygen species play a major
ole in the photo-fading of the azo dyes in aerated water solutions.
elf-sensitized photo-oxygenation of azo dyes has attracted a con-
iderable attention in the photodegradation of azo dyes even if
heir quantum yields of singlet oxygen are very low (10−3) [34].

hile azo dye 1, which does not contain imine bond, shows a
igher photodecomposition rate constant under illumination in the
resence of oxygen, azo dye 2 is the most resistant molecule to
hoto-oxidative degradation among the studied compounds. Inter-
ction of excited state of azo molecule with the singlet oxygen is a
rucial point in the clarification of photo-fading pathway.

.3. Electrochemical measurements

CV has been applied to investigate the redox behaviors of
zo dyes 1–4 and to find out HOMO/LUMO energy levels. Fig. 5a
nd b shows cyclic voltammograms of the two studied com-
ounds, azo dyes 2 and 4 in three-electrode cell. Each compound
xhibits three reduction waves. The second reduction wave shows
eversible behavior, and the others are irreversible. While two irre-
ersible oxidation peaks are observed for azo dyes 2, 3, and 4, only
ne irreversible oxidation peak is detected for azo dye 1. Cyclic
oltammetry data including HOMO and LUMO energy levels of
he compounds are also summarized in Table 4. Electron-releasing
apacity estimated from the HOMO/LUMO energy levels decreases
s follows: 4 > 3 ≈ 2 > 1. Azo dye 4, having the highest values of
OMO energy level, exhibits the lowest oxidation state among the

tudied compounds. This is attributed to the presence of isopropyl
roup that is donating its electrons to the molecule via sigma bond.
etter stability exhibition of azo dyes 2 and 3 is because of the pres-
nce of the carboxylate groups that gain an extra conjugation to the
olecule.

.4. Complex formation with titanium (IV) ions
Azo compounds and Schiff bases can bind to the nano-particles
f most of the metal atoms upon complex formation or charge
ransfer complex via electron transfer from the dye molecule to
he metal surface. A number of Ti(IV) complexes with bi-, tri- and
etra-dentate salen-type ligands in which the different amino units
−3.58 −5.57 −5.87 2.46 1.99
−3.60 −5.37 −5.77 2.38 1.77

are incorporated into the ligand backbone have been shown in the
literature [36–39].

The FT-IR spectrum recorded for the dye 3-adsorbed TiO2 sur-
face gives a clear observation of interaction of dye structure with
TiO2 surface (Fig. 6a). The Schiff base CH N vibration band at
1616 cm−1, the azo group N N isomers vibration bands at 1474 and
1518 cm−1 and carboxylic acid C O vibration band at 1717 cm−1 of
dye 3 on FT-IR spectra disappear, but new bands appear on the
graph. An intense band at 2137 cm−1 is assigned to N–N stretching
frequencies of dye 3–Ti complex. It assumes that dinitrogen species
have been greatly modified by coordination onto titanium. There
is a rare example of a coordination process of Ti with azo dyes in
Fig. 5. Cyclic voltammograms at a glassy carbon electrode of (a) azo dye 2 (1 mM),
and (b) azo dye 4 (1 mM) in MeCN containing 100 mM [TBA][PF6] and ferrocene as
an internal electrode (Eox = 0.41 V).
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ig. 6. (a) FT-IR/ATR and (b) UV–vis absorption spectrum of dye 3 adsorbed on Ti
i(OiPr)4 in isopropanol. Changes in the absorbance with the addition of Ti4+ wer
.5 × 10−3 M, 7.3 × 10−3 M, 9.1 × 10−3 M, 10.9 × 10−3 M, 12.6 × 10−3 M, 14.4 × 10−3 M

nd 3393 cm−1 as weak bands. UV–vis absorption spectrum of dye
-adsorbed TiO2 surface is displayed in Fig. 6b. It shows a maximum
t 394 nm corresponding to the electronic transition of the complex
tructure formed between TiO particles and the dye structure.
2

In our study, at each addition 15 �l of titanium tetra isopropox-
de Ti(OiPr)4 solution prepared in isopropanol at the concentration
f 0.375 M was poured into the 3 ml isopropanol solution of
× 10−5 M compound 3. The considerable amount of shift was

ig. 7. Current–voltage graphs of azo dyes 3–4 in dark and under illumination with
00 mW/cm2 light intensity.
rface. (c) Spectrophotometric titrations of dye 3 (4 × 10−5 M) with the addition of
strated by the arrows. [Ti4+] (From down to up) = 0 M, 1.8 × 10−3 M, 3.7 × 10−3 M,
× 10−3 M, 17.8 × 10−3 M, 19.5 × 10−3 M, 21.2 × 10−3 M and 22.9 × 10−3 M.

observed in the absorption spectrum of dye molecule. Hyp-
sochromic shift was observed from 399 to 385 nm for azo dye
3. Also, absorption band at 490 nm disappears upon adding the
Ti(IV) solution (Fig. 6c). This is attributed to the electronic interac-
tion between the Ti(IV) ions and non-bonding electrons of oxygen
or nitrogen atoms of salicylaldimine group. No obvious shift was
observed for dye 4–Ti complex formation. Also, bathochromic shifts
were observed from 379 to 399 nm and 367 to 402 nm for azo dyes
2 and 1, respectively (data not shown).

3.5. Photovoltaic properties
Current–voltage (I–V) characteristics of the solar cells fabricated
using azo dyes 3–4 were determined at standard conditions under
illumination with simulated sunlight (AM1.5, 100 mW/cm2 light
intensity). Fig. 7 reveals the current density–voltage (J–V) charac-

Table 5
Photovoltaic parameters of DSSCs containing nc-TiO2/azo dyes 3–4 photoactive
electrodes, and standard dye Z-907 under illumination with 100 mW/cm2 light
intensity.

Dye Azo dye 3 Azo dye 4 Z-907

Voc [V] 0.33 0.35 0.60
Isc [mA/cm2] 0.80 0.65 12.66
Vmpp [V] 0.24 0.26 0.38
Impp [mA/cm2] 0.56 0.45 9.33
MPP [mW/cm2] 0.14 0.12 3.55
FF 0.51 0.52 0.47
� [%] 0.14 0.12 3.55
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Table 6
Advantages vs. disadvantages of dye 3 and 4 relative to one another.

Characteristics Azo dye 3 Azo dye 4

FT-IR (cm−1) 1616 (m, �CH N) 1625 (s, �CH N)
Vis absorptiona

(nm)
490 375

Emissionb (nm) 526–536 517–528
Fluorescence
quantum yieldb

0.0016–0.0024 0.0008–0.0017

Photodecomposition
rate constantc (s−1)

9.6 × 10−6 8.8 × 10−6

Complex formation
with Ti (IV)a

+14
(hypsochromic
shift)

+4
(bathochromic
shift)

HOMO (eV) −5.57 −5.37
Band gap energy
(eV)

1.99 1.77
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a In isopropanol.
b In the studied solvents (chloroform, ethyl acetate, tetrahydrofuran, 1-butanol),

exc = 450 nm.
c In water, �exc = 450 nm, under O2 atmosphere.

eristic of the photovoltaic devices. Photovoltaic performance data
f the dyes are also given in Table 5. Open circuit voltage (Voc) and
hort circuit photocurrent density (Isc) for azo dye 3 are 0.33 V and
.80 mA/cm2, respectively, and those for azo dye 4 are 0.35 V and
.65 mA/cm2. These data implies much better performance of azo
ye 3 with an overall conversion efficiency of 0.14% under illumi-
ation. The DSSC with azo dye 4 gives 0.52 fill factor yielding 0.12%
fficiency. Several commercial mono and bis-azo dyes were stud-
ed as sensitizers in DSSCs containing TiO2 photoanode and yielded
ood performance with Voc. Especially, studied azo dyes contain-
ng salicylate chelating group were more strongly anchored to TiO2
urface and produced higher short circuit photocurrent greater
han 0.2 mA [43]. According to literature studies related to adsorp-
ion of azo dyes to TiO2 surface, it is reported that some phenyl
zo dyes functionalized with carboxyl and hydroxyl group were
asily adsorbed on TiO2 and ZnO electrodes and gave a strongly col-
red electrodes [44]. Selected azo dyes containing salicylate groups
ere also been used as sensitizers in Graetzel-type solar cells by

l Mekkawi and Abdel-Mottaleb [45]. Salicylate groups facilitate
he direct interaction of the dyes with TiO2 surface, thereby conve-
ient route to electron transfer from the LUMO level of dye to the
onduction band of semiconductor occurred.

Investigated molecules, azo dyes 3 and 4, strongly anchored
n TiO2 surface. Immersing TiO2 electrodes in dye solution were
oloured rapidly because of an effective interaction between the
emiconductor surface and the dye structure. We observed faster
ecolorization of azo dye 3 solution during the DSSC assembly pro-
ess. This is attributed to the chemical interaction between the TiO2
urface and carboxylate group of the dye. Also, complex forma-
ion and charge transfer interaction between the nc-TiO2 particles
nd salicylaldimine group of azo dyes 3 and 4 accelarates the elec-
ron injection from the excited state of the dye to the conduction
and of semiconductor metal oxide. Photovoltaic cell with azo dye
shows better photovoltaic response as compared to the photo-

oltaic cell with azo dye 4. This is attributed to the more effective
lectron injection from the LUMO level of azo dye 3 to the con-
uction band of TiO2 through carboxylate bridge. Low chelating
ctivity of azo dye 4 because of bulky isopropyl group causes a
eak interaction between the dye and TiO2 surface. This bind-

ng effect may reduce the electron transport possibility. Important
ssue to improve efficiency of the DSSC is to use a sensitizer based

n donor-linker-acceptor molecular model.

Comparison of dyes 3 and 4 according to their advantages and
isadvantages was summarized in Table 6. The LUMO energy levels
f dyes 3 and 4 are higher than the conduction band of TiO2. There-
ore, these dyes are energetically suitable for TiO2 based DSSCs.

[
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One of the advantages of dye 3 is lower HOMO energy level with
respect to dye 4 resulting the lower charge recombination rate
and higher driving force for dye regeneration. An important fac-
tor that produces low yield of efficiency for both of the dyes is the
photodegradation pathway of the dyes in the presence of reactive
oxygene species generated by TiO2 catalyst under illumination. In
addition, self-sensitized photooxidation of the azo dyes is crucial
point in understanding the photodegradation pathways. Dyes show
much higher photodecomposition rate constants in the presence of
oxygen than that of a non-oxygenated atmosphere because of the
formation of oxidation products resulted from self-sensitized pho-
tooxidation of azo dyes 1–4. The tautomerization behavior and the
steric factor play a role in the formation of charge transfer complex
between the singlet oxygen and azo dyes 2–4.

4. Conclusion

We have synthesized new water-soluble azo ligands contain-
ing a salicylaldimine group as a side chain to fabricate the DSSC.
Also, we have studied the optical and electrochemical properties
of the dyes to evaluate the photovoltaic performances. Steady-
state spectroscopic measurements were carried out in solvents
with increasing polarities. Aggregation tendency of the molecules
in water was responsible for an unusual form of the steady-state
measurements.

Chelating possibilities and steric factors change the favor-
able interaction of dyes with TiO2 surface which affects overall
photon-to-electric conversion efficiency (PCE) of DSSC. These pre-
liminary studies show that salicylaldimine-based azo ligands are
appropriate sensitizers for coordinating with TiO2 surface in DSSC
applications. New molecular modeling of azo dyes, which consist
of donor-linker-acceptor moieties, is necessary to improve DSSC
efficiency.
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17] E. Keskioğlu, A.B. Gündüzalp, S. Çete, F. Hamurcu, B. Erk, Cr(III), Fe(III) and Co(III)
complexes of tetradentate (ONNO) Schiff base ligands: synthesis, characteri-
zation, properties and biological activity, Spectrochim. Acta Part A 70 (2008)
634–640.

18] M.J. Baena, J. Barbed, P. Espinet, J.A. Ezcurra, M.B. Res, J.L. Serrano, Ferroelectric
behavior in metal-containing liquid crystals: a structure–activity study, J. Am.
Chem. Soc. 116 (1994) 1899–1906.

19] N. Hoshino, H. Murakami, Y. Matsunaga, T. Inabe, Y. Maruyama, Liquid
crystalline copper(II) complexes of N-salicylideneaniline derivatives. Meso-
morphic properties and a crystal structure, Inorg. Chem. 29 (1990) 1177–
1181.

20] R. Friemann, M.M. Ivkovic-Jensen, D.J. Lessner, C.L. Yu, D.T. Gibson, R.E. Par-
ales, H. Eklund, S. Ramaswamy, Structural insight into the dioxygenation of
nitroarene compounds: the crystal structure of nitrobenzene dioxygenase, J.
Mol. Biol. 348 (2005) 1139–1151.

21] H. Du, R.C.A. Fuh, J.Z. Li, L.A. Corkan, J.S. Lindsey, PhotochemCAD: a computer-
aided design and research tool in photochemistry, Photochem. Photobiol. 68
(1998) 141–142.

22] P. Wang, S.M. Zakeeruddin, P. Comte, R. Charvet, R. Humphry-Baker, M. Graet-
zel, Enhance the performance of dye-sensitized solar cells by co-grafting
amphiphilic sensitizer and hexadecylmalonic acid on TiO2 nanocrystals, J. Phys.
Chem. B 107 (2003) 14336–14341.

23] R. Botros, Azomethine dyes derived from an o-hydroxy aromatic aldehyde and
a 2-aminopyridine, U.S. Patent 4,051,119 (1977).

24] D. Guha, A. Mandal, A. Koll, A. Filarowski, S. Mukherjee, Proton transfer reaction
of a new orthohydroxy Schiff base in protic solvents at room temperature,
Spectrochim. Acta Part A 56 (2000) 2669–2677.

25] K. Ogawa, J. Harada, T. Fujiwara, S. Yoshida, Thermochromism of salicylide-

neanilines in solution: aggregation-controlled proton tautomerization, J. Phys.
Chem. A 105 (2001) 3425–3427.

26] A. Koll, A. Filarowski, D. Fitzmaurice, E. Waghorne, A. Mandal, S. Mukherjee,
Excited state proton transfer reaction of two new intramolecularly hydrogen
bonded Schiff bases at room temperature and 77 K, Spectrochim. Acta Part A
58 (2002) 197–207.

[

hotobiology A: Chemistry 210 (2010) 8–16

27] M. Mukhopadhyay, D. Banerjee, A. Koll, A. Filarowski, S. Mukherjee, Proton
transfer reaction of a new orthohydroxy Schiff base in some protic and aprotic
solvents at room temperature and 77 K, Spectrochim. Acta Part A 62 (2005)
126–131.
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