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Abstract

New kind of azo chromophores containing thiophene moiety and salicyaldimine-based ligand as side chains have been synthesized by a se-
quential process for optical sensing of Cu>" metal ions in organic solution. Compounds have been characterized by IR and UV—vis spectro-
photometer, 'H NMR, Bc NMR, MS, TGA and CV instruments. Spectral characteristics of the synthesized compounds have been
investigated in five organic solvents of different polarity. Polarizibility effects of the solvents on the spectral characteristics and the dipole mo-
ments in the excited state are estimated. The fluorescence quantum yields of the synthesized compounds have been calculated to be in the range
of 0.0035—0.0095 in solvents of different polarity. The fluorescence emission quenching experiments between the synthesized compounds and
electron donor (pyrene, anthracene), electron acceptor (Co®>") compounds give the bimolecular quenching rate constants of 10'' and
10" M ™' s™", respectively. The free energies of photo-electron transfer process (AGpt) between the azo dyes and the quenchers have been found
to be about —19 kcal/mol. Cyclic voltammetry studies indicate that synthesized azo ligands undergo two- or three-reversible reduction potentials
(versus ferrocene) and give LUMO energy value of —3.07 eV which is lower than that of TiO, conduction band and has a band gap value of
~2.5 eV. These results may point that synthesized azo dyes could be used as hole conducting materials in solid DSSC (Dye Sensitized Solar
Cell) devices.

Thermal decomposition behavior of the azo dyes gives more information about the structure of the studied materials. The photoisomerization
behavior of the synthesized compounds has been investigated in ethyl acetate under Xe lamp irradiation in the fluorescence spectrophotometer
for 1 h. Photoisomerization rate constants of cis—trans orientation (k._) have been found to be about 107> s™L. The complexation process of
synthesized thienylidene azo dyes gives subtle changes in their absorption spectra.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction increasing accessibility in photoresponsive biomaterials [9]
and supramolecular systems [10]. They combine their optical

Azo compounds belong to one of the most intensively studied and electronic properties with good chemical stability and solu-

groups for non-linear optics (NLO) [1—3], optical information
storage [4], and optical switching [5]. Besides their classical ap-
plications in synthetic dyes and pigments [6—8], they find
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tion processability [11,12], which makes them interesting for
applications. Photochromism of azobenzene chromophores be-
tween trans-to-cis and cis-to-trans upon light irradiation is an-
other remarkable property of azo compounds [13].

Azo ligands containing salicyaldimine-based ligand as side
chains can be used in the production of chemical sensors be-
cause they show a significant change of color of the solution
and maxima of the absorption band when they interact with
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transition metal ions. Transition metal-complexed azo methine
compounds have been studied in great detail in the literature
for understanding their optical and electronic properties, struc-
ture—redox relationships, mesogenic characteristics [14—17].
However, there are a limited number of studies in the literature
which concern the combination of metal ions with azo ligands
containing salicyaldimine-based ligand as side chains. Khan-
dar and Nejati report the synthesis, characterization and cyclic
voltammetry of Cu(II) complexes of a series of Schiff base li-
gands derived from condensation of 5-phenylazo salicylalde-
hyde with di- or tri-amines [18].

In this paper, versatile usable azo monomers combining
with salicyaldimine-based ligand and nitro-substituted thio-
phene moiety have been designed and synthesized. Among
the wide range of materials that may be suitable for the elec-
tronic and optical applications, salicyaldimine-based ligands
are of particular interest. They find applications in preparation
of metallomosegens [19], various crystallographic studies
[14], optical metal ion detections [20], and enantioselective
catalysis [21]. Also, salicylaldehyde gives more easily poly-
merization reaction of the 3- or S-position of the structure.
The Schiff bases derived from the reaction between oligosali-
cylaldehyde and amines are well-known in literatures [22,23].
Their excellent mechanical strength, good properties of stabil-
ity, processability and functionalizability make them suitable
for a number of applications in polymer industry [24—26].
Therefore, we plan to attach the thiophene moiety to the azo
chromophores containing salicyaldimine-based ligand. The at-
tachment of the nitro-substituted thiophene as side groups not
only enables the extension of the conjugation length of the
chromophore but also enhances the processability of the syn-
thesized compound as NLO material in photoelectronic appli-
cations. Many researches report that thiophene derivatives
have been widely used as conducting materials which are
chemically more stable than other aromatic compounds
[5,27,28]. These highly conjugated systems should exhibit
very interesting electrochemical and redox behaviors because
of the high electrically conducting property of thiophene moi-
ety and good photochromic property of azo linkage. Also, sal-
icyaldimine-based ligand as side chain should enhance the
thermal stability of the compound.

Another aim of this study is to design push—pull chromo-
phores which show good NLO (hyperpolarizability) activity.
These kinds of chromophores consist of more extended conju-
gated system which contains strong electron donor, such as al-
kylamino-, and strong electron acceptor, such as nitro-groups
in the main or side chains. Optical properties of NLO active
materials are changed when the light passes through the mate-
rial. Excited state charge-transfer efficiency of the chromo-
phore plays an important role on the NLO activity. This
efficiency is related to the more extended conjugation of the
chromophore and strong polarizibility of the molecular
structure.

Starting from the azo-coupling reaction between p-nitroaniline
or 2-chloro-4-nitroaniline and N,N-dimethyl-p-phenylenedi-
amine, we have synthesized 4-{3-[4-((N,N-dimethylaminophenyl)
imino)methyl]-4-hydroxyphenylazo }-N-(5-nitro-2-thienylidene)

aniline (4a) and 4-{3-[4-((N,N-dimethylaminophenyl)imino)
methyl]-4-hydroxyphenylazo }-N-(5-nitro-2-thienylidene)-3-
chloroaniline (4b) compounds. Molecular structures of the
synthesized compounds are shown in Scheme 1. We have in-
vestigated the spectral characteristics of the synthesized com-
pounds in solvents of different polarity. Also, electron donor/
acceptor properties of the molecular structures have been ex-
plored by the quenching studies.

2. Experimental
2.1. Materials

All the chemical reagents and solvents used were purchased
from Merck Chemical Company except 2-chloro-4-nitroani-
line and chloroform. 2-Chloro-4-nitroaniline was supplied
from Alfa Aesar. Chloroform was received from domestic
chemical market and purified by distillation. Other chemical
reagents were of analytical grade and used without further
purification.

2.2. Instrumentation

The structures of the synthesized compounds were con-
firmed by 'H and '>C NMR spectra, recorded by a Bruker
spectrometer operating at 400 MHz. FT-IR spectra were re-
corded on a Perkin—Elmer-Spectrum BX spectrophotometer
in the region of 3000—400 cm™' on KBr pellets. Melting
points of all the compounds were determined on Electrother-
mal apparatus. Mass spectra of azo dyes 2a—b were obtained
with a DIP-mass technique on a Finnigan TSQ-700 (Thermo-
quest) spectrometer. Also, LC/MS analyses of thienylidene
azo dyes 4a—b were obtained on an Agilent 1100 MSD spec-
trometer. Thermal analyses were performed on a Perkin—
Elmer Thermogravimetric Analyzer Pyris 6 TGA instrument
under nitrogen atmosphere with 4.5 bar gas pressure. The sam-
ples were hold 1 min at initial temperature of 50 °C and, then
heated to 700 °C for azo dyes 1la—b, and to 1000 °C for the
other dyes at a heating rate of 20 °C/min.

UV —vis spectra were obtained using a JASCO V-530 UV—
vis spectrophotometer in the solutions. Complexation behavior
of azo dyes 4a—b with copper(Il) ions was investigated using
Specord S600-212C126 spectrophotometer. Fluorescence
spectra were recorded on a PTT QM1 fluorescence spectropho-
tometer. Fluorescence quantum yields of the synthesized thie-
nylidene azo dyes 4a—b in organic solvents were calculated
with reference to fluorescence emission of Rhodamine 6G
(@:=0.95 in ethanol, A.x. =480 nm) which was of spectro-
photometric grade [29]. Also, all the compounds were ana-
lyzed at an optical density of below 0.1.

The spectroelectrochemical measurements of dyes were
done on a CH instruments (Electrochemical Workstation) po-
larimeter. Cyclic voltammetry (CV) experiments of thienyli-
dene azo dyes 4a—b were carried out in a three-electrode
cell consisting of a glassy carbon working electrode, a plati-
num counter electrode and Ag/AgCl (in saturated KCI solu-
tion) reference electrode. The redox potentials of the
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Scheme 1. Synthesis of thienylidene azo dyes 4a—b.

compounds were controlled in the scale of —2/42 V range.
The supporting electrolyte was 100 mM [TBA][PF6] in aceto-
nitrile. Millimolar solutions of the dyes were prepared in spec-
trophotometric grade acetonitrile. The oxidation potential of
ferrocene which was used as an internal electrode was ex-
hibited at about +0.45 V. Redox potentials of anthracene
and pyrene used in quenching studies were taken as
—1.09 Vand —1.16 V versus calomel electrode [30]. Redox
potential of Co>" ion was obtained from the principles of in-
strumental analysis versus standard hydrogen electrode [31].
They were calculated by the formula E . = E;eq — Eox With
relative to Ag/AgCl electrode whose potential is at about
0.199 V versus NHE at 25 °C [32].

2.3. Synthesis

2.3.1. Synthesis of 1-(3-formyl-4-hydroxyphenylazo)-4-
nitrobenzene (la)

Azo dye la was synthesized according to the well-known
literature procedure [33]. A mixture of 5.52 g (40 mmol) of
p-nitroaniline in 36 ml of hydrochloric acid, and 16 ml of wa-
ter was heated to 70 °C to complete solution. The clear solu-
tion was poured into an ice—water mixture, and was
diazotized between 0 °C and 5 °C with 2.8 g (40 mmol) of so-
dium nitrite dissolved in 10 ml of water. The cold diazo solu-
tion was added to the solution of 4.26 ml (40 mmol) of
salicylaldehyde in 75 ml of water containing 1.6 g of sodium
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hydroxide and 14.8 g of sodium carbonate during the period of
30 min at 0 °C. During the adding process, the diazo solution
was vigorously stirred. The product was collected by filtration
and washed with 100 ml of NaCl solution (10%) under vac-
uum. Then, the solid was dried under vacuum at 80 °C over-
night. The purity of the compound was controlled by TLC
(n-hexane:ethyl acetate/60:40).

C13HygO4N3, yield: 90%, m.p. = 185—186 °C. FT-IR (KBr,
ecm ™ '): 3413 (—OH group), 3104, 1658 (—CHO group),
1606, 1524 and 1478 (—N=N—, cis and trans), 1342 (NO,
group), 1284, 1173, 1103, 854, 768 cm~ !, UV—vis (toluene,
M) Amax = 360 M,  &ma =23900M 'em™'. 'H NMR
(CDCl3, 0 7.26 ppm): 6 =11.43 (1H, s); 10.05 (1H, s); 8.39
(2H, d); 8.27 (1H, t); 8.22 (1H, t); 8.01 (2H, d); 7.14 (1H,
d) ppm.

2.3.2. Synthesis of 1-(3-formyl-4-hydroxyphenylazo)-2-
chloro-4-nitrobenzene (1b)

2-Chloro-4-nitroaniline (7.9 g or 45 mmol) was used in the
reaction. The same procedure and the same molar ratio of the
reagents given in Section 2.3.1 were followed. The purity of
the compound was controlled by TLC (n-hexane:ethyl ace-
tate/60:40), and no extra purification was needed.

C3HgO4N3Cl, yield: 85%, m.p.=127—128 °C. FT-IR
(KBr, cm™'): 3402 (—OH group), 3098, 1658 (—CHO group),
1525 and 1480 (—N=N—; cis and trans), 1343 (NO, group),
1287, 1191, 1102, 840, 750 cm™'. UV—vis (toluene, nm):
Amax =373 1M, € =29670 M 'em™!. '"H NMR (CDCls,
0 7.25 ppm): 6 =11.50 (1H, s); 10.05 (1H, s); 8.44 (1H, s);
8.30 (1H, s); 8.25 (1H, d); 8.21 (1H, d); 7.79 (1H, d); 7.17
(1H, d) ppm.

2.3.3. Synthesis of 1-{3-[4-((N,N-dimethylaminophenyl)-
imino)methyl]-4-hydroxyphenylazo}-4-nitrobenzene (2a)

The title compound was prepared by a method reported in
patent application [33]. A mixture of 3.0 g (11 mmol) of the
azo dye 1a and 1.5 g (11 mmol) of N,N-dimethyl-p-phenylene-
diamine in 30 ml of ethanol was refluxed under nitrogen atmo-
sphere until the starting material could no longer be detected
by TLC. It took time of 4 h. Then, the reaction mixture was
vacuum filtered. The obtained product was purified by silica
gel column chromatography with chloroform alone as eluent.
The title compound was dried under vacuum at 70 °C
overnight.

C,1H,9O5NG5, yield: 77%, m.p. =231-233 °C. FT-IR (KBr,
em™'): 2909, 1620 (—CH=N— group), 1519 (—N=N-—
group), 1341 (NO, group), 1145, 1103, 855, 804 cm™ L
UV—vis (toluene, nm): Apa = 368 nm, & = 26460 M~
em~ . 'TH NMR (CDCl;, 6 7.25ppm): 6=10.05 (1H, s);
8.72 (1H, s); 8.37 (2H, dd); 8.27 (1H, s); 8.22 (1H, d); 8.02
(2H, dd); 7.30 (1H, d); 7.14 (2H, dd); 6.74 (2H, d); 3.06
(6H, s) ppm. DIP-mass: [M]™" =389 molecular ion peak;
359 [M]"" — 2CHg; 345 [M]™" — N(CHjs),; 271 [M]™" — Ph—
N(CH3)5; 239 [M]™" — N,—Ph—NO,; 195 [M]"" — N,—Ph—
NO,—N(CHj),; 120 [M —1] peak of Ph—N(CHj),; 120
[M — 2] peak of Ph—OH; 77 [M — 1] peak of Ph—H.

2.3.4. Synthesis of 1-{3-[4-((N,N-dimethylaminophenyl)-
imino)methyl]-4-hydroxyphenylazo}-2-chloro-4-
nitrobenzene (2b)

The similar procedure given in Section 2.3.3 was followed.
A mixture of 3.0 g (9.8 mmol) of the azo dye 1b and 1.37 g
(9.8 mmol) of N,N-dimethyl-p-phenylenediamine in (30 ml
THF/18 ml ethanol) solvent system was heated to 75 °C under
nitrogen atmosphere for 5h and 30 min. The reaction was
monitored by TLC method. Purification by column chroma-
tography with chloroform:n-hexane/70:30 gave the azo dye
2b.

C,1HgO3N5Cl, yield: 73%, m.p. =237—238 °C. FT-IR
(KB, cm™ ') 2804, 1616 (—CH=N— group), 1521
(—N=N-— group), 1340 (NO, group), 1233, 1166, 1102,
889, 815cm™'. UV—vis (toluene, nm): Ay =398 nm,
emax =23300M 'em™'. 'TH NMR (CDCls, 6 7.25 ppm):
0=10.06 (1H, s); 8.73 (1H, s); 8.44 (1H, d); 8.30—8.10
(2H, overlapped); 8.09 (1H, s); 8.07(1H, s); 7.80 (1H, d);
7.35 (2H, d); 7.16 (2H, d); 3.07 (6H, s)ppm. DIP-mass:
[M]"* = 423 molecular ion peak (CI-35 isotopes) and [M]"" =
425 molecular ion peak (CI-37 isotopes); 393 [M]"" — 2CH3;
359 [M]"" —2CH; —Cl; 345 [M]™" — N(CH3), — CI; 239
IM]"t — N,—PhCI—-NO,; 195 [M]" — N,—Ph(Cl)-NO,—
N(CHj3),; 119 [M — 2] peak of Ph—N(CHj3),; 77 [M — 1] peak
of Ph—H.

2.3.5. Synthesis of 4-{3-[4-((N,N-dimethylaminophenyl)-
imino)methyl]-4-hydroxyphenylazo}aniline (3a)

Title compound was prepared using a procedure given in
literature [34]. A mixture of 1 g (2.56 mmol) azo dye 2a,
3 g (13.2 mmol) of SnCl,-2H,0, and 0.004 g (0.036 mmol)
of hydroquinone in 40 ml of ethyl acetate was heated to
77 °C under nitrogen atmosphere until no starting material
could be detected on TLC plate. This was required for about
1 h and 30 min. The reaction was cooled down to room tem-
perature and then added to ice—water mixture. The pH of
the solution was adjusted to basic pH 8 by adding 50 ml of
aqueous NaHCOj; (10%) solution before being extracted
with ethyl acetate. Organic phase was dried over sodium sul-
phate. After evaporation of the solvent, the crude product
was purified by a silica gel chromatography column with
chloroform:methanol (90:10) solvent system. Pure derivative
3a would decompose slowly if it has been stored for a long
time.

C,H,,0ONGs, yield: 70%. FT-IR (KBr, cm™'): 3374 (—NH,
group), 1629 (—CH=N-— group), 1516 (—N=N— group),
1263, 1128, 824, 720 cm ™.

2.3.6. Synthesis of 4-{3-[4-((N,N-dimethylaminophenyl)-
imino)methyl]-4-hydroxyphenylazo}-3-chloroaniline (3b)

The same procedure given in Section 2.3.5 was followed.
Purification was accomplished by column chromatography
on silica with n-hexane/ethyl acetate (70:30) as eluent. Also,
this compound showed decomposition activity under atmo-
spheric conditions.
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C,1H,0ON;Cl, yield: 73%. FT-IR (KBr, cm ™ '): 3337 (—NH,
group), 2926, 1602 (—CH=N-— group), 1505 (—N=
N— group), 1303, 1236, 1153, 1040, 862, 818, 745 cm™ .

2.3.7. Synthesis of 4-{3-[4-((N,N-dimethylaminophenyl)-
imine)methyl]-4-hydroxyphenylazo}-N-(5-nitro-2-
thienylidene)aniline (4a)

Freshly synthesized amino azo dye 3a (0.3 g or 0.83 mmol)
was dissolved in 44 ml of benzene under vigorous stirring.
5-Nitro-2-thiophenecarboxaldehyde (0.13 g or 0.83 mmol)
was added to the solution under nitrogen atmosphere. The re-
action temperature was controlled at 80 °C, and thus the reac-
tion was completed for 1 h. The reaction mixture was vacuum
filtered to give a red product which was then purified by a silica
gel chromatography column with #n-hexane:ethyl acetate
(50:50) as an eluent.

C26H2203N6S, yleld 85%, m.p. = 120—121 °C. FT-IR
(KBr, cmfl): 3361 (—OH group), 2924, 1616 (—CH=N-—
group), 1597 (—CH=N-— group), 1493 (—N=N— group),
1438, 1329 (NO, group), 1111, 811, 731ecm™'. '"H NMR
(CDCl3, 0 7.21 ppm): 0=9.90 (1H, s); 8.62 (1H, s); 8.47
(1H, s); 7.89 (1H, d); 7.83 (2H, d); 7.80 (1H, d); 7.62 (1H,
d); 7.31 (2H, overlapped); 7.24 (2H, d); 7.17 (2H, d); 6.63
(2H, d); 2.96 (6H, s) ppm. '*C NMR [CDCl; & 77 ppm (3
peaks)]: 112—156 (20 different C-atoms including aromatic
and imine C-atoms), 40.61 (N(CHj),) ppm. LC/MS-APCI:
[M]"" =498 molecular ion peak is not observed, but 387
[M]"" — NO,—OH—N(CH3),; 311 [M]™" — NO,—OH—Ph—
N(CH3),; 276 [M]" — CsH3N,0,S—OH—N(CH3),; 262;
139; 122.

2.3.8. Synthesis of 4-{3-[4-((N,N-dimethylaminophenyl)-
imino)methyl]-4-hydroxyphenylazo}-N-(5-nitro-2-
thienylidene)-3-chloroaniline (4b)

The synthetic procedure given in Section 2.3.7 was used.
Freshly synthesized amino azo dye 3b (0.25 g or 0.63 mmol)
and 5-nitro-2-thiophenecarboxaldehyde 0.10 g or
0.63 mmol) were heated to 80 °C under nitrogen atmosphere
for 1 h. The reaction mixture was vacuum filtered and, then
the solid was passed through a silica column (n-hexane:ethyl
acetate/50:50). The title compound was dried under vacuum
at 70 °C overnight.

C26H2103N65C1, yleld 78%, m.p. = 190—191 °C. FT-IR
(KBr, cm™1): 2901, 1608 (—CH=N— group), 1563 (—CH=
N— group), 1527, 1493 (—N=N-— group), 1426, 1365, 1328
(NO, group), 1222, 1034, 808, 730 cm~'. 'H NMR (CDCl;,
0 7.25ppm): 6=9.96 (1H, s); 8.55 (1H, s); 8.20 (1H, s);
8.00 (1H, dd); 7.89 (1H, d); 7.87 (1H, d); 7.71(1H, d); 7.69
(1H, d); 7.52 (1H, dd); 7.33 (2H, overlapped); 6.75 (2H, d);
7.26 (2H, d); 3.03 (6H, s) ppm. >°C NMR [CDCl; ¢ 77 ppm
(3 peaks)]: 113—167 (22 different C atoms including aromatic
and imine C atoms), 41.10 (N(CHj3),) ppm. LC/MS-APCI:
[M]'" =532 molecular ion peak is not observed, but
[M — 3] =529 (CI-35 isotopes) and [M — 3] =531 (CI1-37 iso-
topes); 391 and 393 [M]™" — CsH3NO,S; 343 [M]" —
CsH3N,0,5—Cl; 276 [M]™" — CsH3N,0,S—CI—OH—N(CHa)s;
262; 167; 149; 151.

3. Results and discussion

3.1. Steady-state measurements and fluorescence
quantum Yyield determination studies at room
temperature

Fig. 1 shows the normalized UV —vis absorption spectra of
azo dyes la and 2a, and thienylidene azo dye 4a in toluene.
The absorption maximum of azo dye la is recognized at
360 nm arising from the m—7t* transition in the backbone.
The absorption spectrum of azo dye 2a containing salicyaldi-
mine-based ligand gives a red shift of 8 nm with respect to the
same spectrum of azo dye la. After attaching the nitro-
substituted thiophene group as side chain, a significant red
shift from 368 nm to 487 nm is observed for thienylidene
azo dye 4a in toluene because of the increasing of conjugation
length in chromophore. Also, electronic effects of the nitro
substituent on the thiophene ring change the absorption peak
position of thienylidene azo dye 4a. When introducing the
chloride atom in the benzene ring, the absorption spectrum
gives a marked red shift of 13 nm in toluene compared to
the corresponding spectrum of azo dye la. The absorption
maximum of thienylidene azo dye 4b is assigned at 490 nm
in toluene from the n—7* transition in the visible region.
The fluorescence spectra show emission maxima at 537 nm
and 577 nm for thienylidene azo dye 4a, and at 536 nm and
575 nm for thienylidene azo dye 4b in toluene.

The tautomeric behaviors of thienylidene azo dyes 4a—b
have been examined by means of absorption, emission and ex-
citation spectra in toluene at room temperature (Fig. 2). It is
well-known that many salicylidene anilines exhibit intramo-
lecular proton transfer reactions, and therefore attract consid-
erable attention from experimental points of view [35—38].
Guha et al. have studied ground and excited state inter- and in-
tramolecular proton transfer reactions of 7-ethylsalicylidene-
benzylamine (ESBA) in different protic solvents and found
that ESBA exhibits more than one structural form in the
ground and excited states [35]. The main emission peak of
compound 4a occurs at a wavelength shorter than the minor

1,0 4 1a

0,8
0,6 4a

o,4i \

0,2

Normalized Absorbance

0,0 T T T T T
300 400 500 600

Wavelength / nm

Fig. 1. Normalized UV—vis absorption spectra of azo dyes la and 2a, and
thienylidene azo dye 4a in toluene.
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Fig. 2. Normalized visible absorption, emission and excitation (dotted line)
spectra of (a) thienylidene azo dye 4a, and (b) thienylidene azo dye 4b in tol-
uene at room temperature (Aex. =480 nm, Ae, = 540 nm).

peak, and the minor peak appears as a red-shifted shoulder on
the main emission peak. No mirror image relationship is ob-
served between the emission spectra and the ground state ab-
sorption spectra of the compounds 4a—b. These extraordinary
emission spectra may be attributed to formation of different
excited state structure of the studied compounds. The excita-
tion spectrum of compound 4a at emission wavelength of
540 nm in toluene gives one sharp peak at 531 nm, and one
broad peak at 487 nm. The excitation spectrum is not identical
with the absorption spectra of compound 4a. The non-mirror
image relationship between the emission and absorption spec-
tra, and the shape of the excitation spectra give a subtle expla-
nation of excited state intramolecular proton transfer reaction.
In this reaction, excited enol form of the compound is con-
verted to the keto form as shown in Scheme 2. Emission spec-
trum belongs to the keto form of compound 4a. Also, large
Stokes shift supports the occurrence of fast proton transfer re-
action in the excited state. The emission and excitation mea-
surements have been repeated in more polar chloroform
solution and the same tautomeric behaviors of the compounds
4a—b have been obtained (data not shown). These results are

R
N N
N N o
M\ 7\
7N-‘-
enol form
N—cH
, 3
H,C
R
s N _N
OZN@J N-— \0/
H
\
keto form
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Scheme 2. Possible structural configurations of thienylidene azo dyes 4a—b.

in agreement with the literature data. Alarcon et al. have stud-
ied the tautomeric behavior of a series 2-hydroxybenzalde-
hydes and found that emission comes only from the keto
form of the studied compounds [39].

Spectral characteristics of thienylidene azo dyes 4a—b in
increasing solvents of polarity have been examined as shown
in Fig. 3 and also summarized in Table 1. In general, it is
seen that higher the dielectric constants of the solvents, the
more increase the red-shifted wavelength of absorption max-
ima of the compounds, excluding in chloroform solution.
This may be attributed to the hyperpolarizability activity of
the studied compounds in the excited states. The more polar
form is observed in the excited state with respect to the ground
state when the molecule is excited. Increasing solvent polarity
reduces the LUMO energy level of the studied compounds
with a higher ratio relative to the HOMO energy level so
that a bathochromic shift is observed in polar solvents with re-
spect to the less polar solvents. In chloroform, a strange in-
crease 1is observed at the absorption maxima of the
compounds. Hydrogen bonding ability of the chloroform
with the studied molecules facilitates the formation of inter-
molecular hydrogen bonded enolic form and stabilizes the
charge-transfer excited state. Therefore, absorption spectrum
is seen to shift to long-wavelength region. These results are
in well accordance with the literature data. It is well-known
that this red shift maximum in more polar media is due to
the formation of intermolecular hydrogen bonded complex
with the solvent molecules [35—39].

Comparison of fluorescence quantum yields of thienylidene
azo dyes 4a—b in solvents of different polarity are shown in
Fig. 4 and, also summarized in Table 2. It is clearly seen
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Fig. 3. Normalized visible absorption and fluorescence spectra of (a) thienyli-
dene azo dye 4a, and (b) thienylidene azo dye 4b in chloroform (solid line)
and tetrahydrofuran (dotted line) solutions (Aex. = 480 nm).

that both the compounds have very small quantum yield values
in all of the studied solvents. As a general rule, azo dyes do not
fluoresce [9]. Also, the low quantum yields can be explained
by the increase in non-radiative relaxation process [41].

Table 1

The visible absorptions, fluorescence emissions, and Stokes shifts (AA) data of
thienylidene azo dyes 4a—b in solvents of different polarity (A/nm, &/
Imol ™' em™") (Aexe =480 nm)

Solvent & Compound X4 &1 Aem (max)  AA
Toluene 24  4a 487 2150 537 57
4b 490 11420 536 56
Chloroform 48 4da 496 1880 536 56
4b 500 7600 534 54
Ethyl acetate 6.0 da 480 1680 528 48
4b 486 6060 527 47
Tetrahydrofuran 7.6 4a 487 1610 532 52
4b 495 4640 533 53
Dichloromethane 89 4a 502 1580 535 55
4b 505 4292 531 51

% Dielectric constant, ¢, is taken from Ref. [40].
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Fig. 4. Comparison of fluorescence quantum yields of thienylidene azo dyes
4a—b in 5 solvents of increasing polarity.

Another reason explaining the low quantum yield is the high
aggregation tendency of the molecules caused by the presence
of nitro group in the structure [9]. The highest quantum yields
have been calculated in chloroform solution for both the com-
pounds. This behavior may be attributed to the formation of
intermolecular hydrogen bonded enolic form of the studied
compounds in more polar chloroform solution. This conformer
favors the formation of tautomeric structure of the compound
so that the more planar structural form of thienylidene azo dye
4 is obtained. Rotation about the azo linkages is inhibited.
Therefore, conformational relaxation is reduced in chloroform
with respect to the other studied solutions.

It is clearly seen that fluorescence quantum yields of com-
pound 4b are lower than the corresponding yields for com-
pound 4a in the studied solvents. Because heavy atom
isotope affect of the chloride atom in compound 4b decreases
the electronic cloud intensity. This reduction in electronic
cloud causes the decreasing of fluorescence quantum yields.

We cannot detect the fluorescence decay times of the com-
pounds with single photon counting method because of both
very low emission signals and short fluorescence decay time
values at room temperature. Fluorescence lifetimes are esti-
mated from 7y = 79 X @; and rates of fluorescence are calcu-
lated from kf = 1 /7y = ki + k™ - k" which indicates the rates
of non-radiative decay. The rates of radiative fluorescence
are found from kf = 1/7¢. The radiative lifetimes, 7, are cal-
culated by the formula [42,43]: 79=3.5x 10%
(V2ax X €max X A1), Where v,y is the wavenumber per cen-
timeter, e, 1S the molar extinction coefficient at the selected
absorbance wavelength, and Av,,, is the half-width of the se-
lected absorbance in wavenumber unit. Photophysical proper-
ties of the studied compounds in solvents of different polarity
are given in Table 2. In general, it is seen that higher the po-
larity of the solvents, higher the calculated fluorescence life-
times of the compounds. The higher lifetime in chloroform
compared to the other solvents supports the intermolecular hy-
drogen bonding enolic form of thienylidene azo dyes 4a—b in
excited state. However, both the lowest 7 value and the small-
est Stokes shift in ethyl acetate indicate the low probability of
tautomerization. In general, k; and k™ values decrease with in-
creasing polarity. Lower non-radiative decay constant value
(3.7 x 10° s™") for compound 4a in chloroform with respect
to corresponding values in other solvents indicates the
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Fluorescence emission data, fluorescence quantum yields (@), radiative lifetimes (7¢/ns), fluorescence lifetimes (7¢/ns), fluorescence rate constants (k{ x 107 / g ! ),
non-radiative rate constants (" x 10°/s™1), and singlet energies (Ey/(kcal/mol)) of thienylidene azo dyes 4a—b in solvents of different polarity (Aex. =480 nm)

Solvent Compound D 7o Ts kf s E,
Toluene 4a 0.0040 25.4 0.10 3.9 10.0 59.6
4b 0.0046 8.2 0.04 12.1 24.9 59.2
Chloroform 4a 0.0095 28.0 0.27 3.6 3.7 58.5
4b 0.0060 11.5 0.07 8.7 14.2 58.0
Ethyl acetate 4a 0.0040 15.7 0.06 6.4 16.6 60.4
4b 0.0035 13.3 0.05 7.5 19.9 59.7
Tetrahydrofuran 4a 0.0087 23.7 0.20 42 4.9 59.6
4b 0.0038 19.4 0.07 5.1 14.2 58.6
Dichloromethane 4a 0.0057 43.0 0.24 2.3 4.1 57.8
4b 0.0036 21.0 0.08 4.8 12.5 574

inhibition of fluorescence quenching and supports the more
planar structure of compound 4a in chloroform.

3.2. Thermal degradation and photoirradiation studies

Thermal stabilities of the synthesized compounds have
been tested by thermogravimetric analysis under nitrogen at-
mosphere as shown in TGA curves in Fig. 5. Della-Casa
et al. have compared the thermogravimetric analysis of a series
of copolymer consisting of azobenzene-substituted thiophenes
and found that the first weight loss from the compounds starts
338 °C and the second one starts at 480 °C [44]. Mohamed
et al. have reported the thermal behavior of a schiff base de-
rived from 2-thiophenecarboxaldehyde and 2-aminobenzoic
acid and found that derivative TG curves of the compound
show peaks at 260 °C and 470 °C [45]. The derivative TG
curves of azo dyes la and 1b exhibit degradation peaks cen-
tered at about 306 °C and 308 °C, respectively. The derivative
TG curves show two degradation peaks, one centered at about
270 °C and the other centered at about 438 °C for azo dye 2a.
For azo dye 2b, two degradation peaks are observed at about
269 °C for the first loss range and at about 446 °C for the
second.

The TGA curves for thienylidene azo dyes 4a—b show that
the weight losses begin at about 150 °C for both the com-
pounds. The derivative TG curves for thienylidene azo dye
4a exhibit degradation peaks centered at about 220 °C,
262 °C, and 476 °C. The TGA curve for thienylidene azo
dye 4a refers to three stages of mass losses within the temper-
ature range 50—990 °C. The first stage at 150—340 °C with
a mass loss of 47.1% (calcd. 46.4%) corresponds to the loss
of C;1H;N,0,S. The second stage at 340—520°C with
a mass loss of 23.6% (calcd. 24.1%) corresponds to the loss
of C¢H4N,O, and the compound 4a loses 12.5% of its weight
at the last stage within the temperature range 520—990 °C.
Also, thienylidene azo dye 4b shows similar degradation be-
havior and gives three stages of mass losses at the same tem-
perature scale. The first stage at 150—325 °C with a mass loss
of 52.6% (calcd. 52.5%) corresponds to the loss of
C;1HgN3O,SCIl. The second stage of decomposition at the
temperature range 325—550 °C is roughly assigned to the

loss of CcH4O with a mass loss 15.3% (calcd. 17.2%). Thus,
15.1% of its weight is loosed within the temperature range
550—990 °C at the last stage.

Photoisomerization behavior of azobenzene chromophores
between trans-isomer and cis-isomer upon light irradiation
has been well discussed in literatures [13,46—48]. It is well-
known that the more stable trans-isomer can be converted to
the less stable cis-isomer by UV light irradiation exciting the
m—m* electronic transition, and reverse change can be carried
out by visible light irradiation exciting the n—7* electronic
transition or by heating. In our studies, photoisomerization
of thienylidene azo dyes 4a—b as indicated in Scheme 3 has
been followed by monitoring the decrease or increase in their
fluorescence intensity upon Xe light irradiation for 1 h. —N=
N— bonds of the compounds have been excited with UV light
at 254 nm for obtaining the cis-isomer, and the cis-to-trans
photoisomerization has been driven by exciting the sample
with visible light at 480 nm. The data are acquired at the emis-
sion wavelength of 530 nm. All measurements are performed
in ethyl acetate.

While emission intensity resulted from the excitation with
UV light at the wavelength of 254 nm slightly decreases or re-
mains stable, the corresponding spectra obtained from the ex-
citation with visible light at 480 nm significantly increase as
shown in Fig. 6a. Photoisomerization of the compounds is
evaluated by the calculation of rate constants. According to
the fittings as shown in Fig. 6b, photoisomerization rate con-
stants of the compounds are calculated with the formula,
In (Io/l ) = k... X t where I, and [ are the emission intensities
of the compound before and after the irradiation, respectively,
k.. 1s the rate constant of cis-to-trans isomerization, and ¢ is
the irradiation time. Tawa et al. have reported that the k.
values for the azo dyes covalently bonded to the styrene copol-
ymer have been found to be 8 x 1076571 [46]. The cis-
to-trans photoisomerization rate constants of compounds 4a
and 4b have been found to be about 4.7 x 10~>, and
6.3 x 107> s™", respectively. These values are 6—7 times
higher than the trans-to-cis photoisomerization rate constants
obtained by the UV excitation experiments at 254 nm. Incre-
ment in emission intensity in #rans form may indicate that
the more planar form of the compound is formed and
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Fig. 5. TGA curves of (a) azo dyes 1la—b, (b) azo dyes 2a—b, and (c) thieny-
lidene azo dyes 4a—b.

fluorescence quenching probability is reduced inside the mol-
ecule. In cis form, bulky aromatic structures containing strong
electron acceptor (—NO,) and electron donor (—N(CHj),)
groups come close to each other so that fluorescence

O,N

\[/;\éN\©\/R

N—N
OH
~
trans-form N
/ N
He M
hv(1) | [ hv(2) or heat
O,N / s on N/CH3
AN
/ /N\©\/R O‘//NQ/ CHs
N=N

cis-form

Scheme 3. Photoisomerization of thienylidene azo dyes 4a—b.

quenching or electron transfer process may be occur. There-
fore, fluorescence quantum yield of the compounds in trans
form is higher than that in cis form.

3.3. CV measurements and fluorescence quenching
experiments

There have been a variety of articles on the spectroelectro-
chemical behaviors of azobenzene functionalities in literatures
[13,18,20,27,49]. One of which was prepared by Khandar and
Nejati. They have studied the electrochemical properties of
a series of copper (II) complexes with azo-linked salicylaldi-
mine Schiff base ligands. Cyclic voltammetry indicates that
compounds have quasi-reversible redox behavior and some
of the complexes give irreversible and reversible reduction
[18]. The redox potentials of thienylidene azo dyes 4a—b are
measured by the use of cyclic voltammetry in [TBA][PF6]—
acetonitrile solution. The cyclic and differential pulse voltam-
mograms of the compounds are illustrated in Figs. 7 and 8, and
the corresponding characteristic data are summarized in
Table 3. The cyclic voltammogram of compound 4a exhibits
three reversible reduction waves, the first of which is observed
at —0.58 V, second of which is at —0.75V, and the smallest
value is obtained at —1.28 V. Also, two irreversible oxidation
waves are observed for compound 4a at 0.87 V and at 1.25 V.
The cyclic voltammetry of compound 4b shows two reversible
waves, one of which is appeared at —0.78 V, and the other is
observed at —1.28 V. Also, a reversible oxidation wave is
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Fig. 6. (a) Conversion (%) of thienylidene azo dyes 4a—b under Xe lamp ex-
posure in the fluorescence spectrophotometer in ethyl acetate at the excitation
wavelength of 254 nm or 480 nm for 1 h (4., =530 nm), and (b) the corre-
sponding Stern—Volmer plots (for 4a/254 nm: 8.4 x 107°X — 0.00929; R*:
0.92, for 4a/480 nm: 4.7 x 105X + 0.00527, R%: 0.99, for 4b/254 nm:
9.1 x 107°X +0.00074; R* 0.99, and for 4b/480nm: 6.3 x 107°X +
0.00561; R*: 0.99).

observed at 0.85V and an irreversible wave is observed at
1.20 V for compound 4b. Differential pulse voltammograms
of the studied compounds illustrated in Fig. 8a and b confirm
the formation of reduction waves at the indicated values. De-
crease in oxidation potential evaluated above suggests that
electron-withdrawing capacity of compound 4b is greater
than that of compound 4a because of the electron acceptor be-
havior of chloride atom through sigma bond.

The LUMO energy level of the compounds are calculated
by the formula: Eyymo = — (4.8 + Ef)";gel) eV, where E‘;endset in-
dicates the onset value of reduction potential. Reference en-
ergy value of ferrocene below the vacuum level is taken as
—4.8 eV [50]. The LUMO energy levels of the compounds
are found to be —3.07 eV. In addition, HOMO energy levels
of the compounds have been determined by subtracting the
band gap energies obtained from the onset of the visible
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Fig. 7. Cyclic voltammograms of (a) thienylidene azo dye 4a, and (b) thieny-
lidene azo dye 4b in acetonitrile containing 100 mM [TBA][PF6].

absorption spectra from the LUMO level. The energy gap
values read on CV graph are well correlated with calculated
values from the visible absorption spectra. The HOMO energy
levels of the compounds 4a and 4b are found to be —5.61 eV
and —5.59 eV, respectively. Band gap values are 2.54 eV and
2.52 eV for 4a and 4b, respectively. Molecular structures of
compounds 4a and 4b with LUMO energy levels lower than
that of TiO, conduction band may be used as hole conducting
materials in solid DSSC (Dye Sensitized Solar Cell) devices.

To better understand the photosensitized interaction mech-
anisms and to evaluate the electron donor/acceptor ability to-
wards the different quenchers, fluorescence quenching
experiments of thienylidene azo dyes 4a—b with electron
acceptor (Co”) and electron donors (anthracene, pyrene)
have been carried out. The solution of 8.6 x 107>M Co
(NO3),-6H,0 was prepared in THF and at each addition
20 pl of this solution was poured into the 3 ml THF solution
of 3 x 10> M compounds 4a—b which were placed in a quartz
cuvette. After each addition, decline in fluorescence intensity
of compounds 4a—b was followed and no new emission
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where [, and [ are the fluorescence intensities in the absence

a
& 24 . . . . . and presence of quenchers, respectively, and & is the bimolec-
f ular electron transfer rate constant, and 7 is the radiative life-
11 [ I time in the absence of the quencher. Radiative lifetime values
f of pyrene and anthracene are taken as 322 ns and 5.3 ns, re-

0.81 ;f \

Current/1E-5 A
~

spectively [30]. Corresponding Stern—Volmer plots are shown
in Figs. 9b and 10b.

Rate constant of fluorescence quenching between com-
pound 4a and strong electron acceptor Co>" ions is equal to
the value of 2.1 x 10" M~'s™! as given in Table 4. Co>"
ions may interact with the nitrogen atom of the Schiff base
and the polar oxygen atom of the hydroxyl group attached
to the salicylaldimine ligand and take place in this position

0'3 1 /fy \-\-“—._—_‘—*—:Pf‘ﬂﬁ i . . . . .
i of the ring system. For this reason, quenching value is quite
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Fig. 8. Differential pulse voltammograms of (a) thienylidene azo dye 4a, and
(b) thienylidene azo dye 4b in acetonitrile containing 100 mM [TBA][PF6].

band was observed (Fig. 9a). Electron acceptor capacities of
the compounds towards the 7-electron rich aromatics of an-
thracene and pyrene were examined with the same procedure.
The solutions of anthracene and pyrene in THF were at the
concentrations of 1 x 107® M. As shown in Fig. 10a, decline
in fluorescence intensities of these donor molecules is detected
with the increasing concentrations of compounds 4a and 4b in
THF solution prepared at initial concentrations of
5.9 x 107* M and 3.3 x 10~* M, respectively. Any detectable
wavelength shift of donor emission is obtained. The fluores-
cence intensities at various concentrations are fit to the
Stern—Volmer relationship given below [51].

1()/]: 1+qu()[Q],

is approximately 2-fold of the corresponding value between
pyrene and compound 4a. Also, ky value for anthracene-com-
pound 4b quenching is approximately 1.4 times greater than
that of anthracene-compound 4a quenching. One may infer
from these results that compound 4b is more electron-with-
drawing character with relative to compound 4a towards the

< ] f condensed aromatic rings of pyrene and anthracene. All of
E 107 f the calculated kq values are above the diffusion rate limits of
S ™~ / 1x 10'°M 's™". These high quenching rates may be taken
E { as evidences of occurrence of photo-electron transfer process
S 08 / and formation of contact radical ion pairs in the excited state.

043 In THF solution, the planarity of the system resulted from the

possibility of intermolecular hydrogen bonding enolic form of
thienylidene azo dyes 4a—b may have caused the favorable
donor/acceptor interaction. Also, electron acceptor behavior
of azo chromophore and strong electron-withdrawing capacity
of nitro group attached to thiophene ring may facilitate the for-
mation of radical anion structure.

Quenching data can be analyzed by using the formula as
given below [52]

AGer =23.06[E(D"/D) —E(A/A”)] — Ey

AGgr (kcal/mol), free energy of electron transfer, can be de-
termined from the oxidation potential of the donor, the reduc-
tion potential of the acceptor, and the excited state energy of
the sensitizer. The free energies of photo-electron transfer pro-
cess (AGgr) between the azo dyes and the quenchers are found
to be about —19 kcal/mol. All of the calculated free energy
changes are below the value of —5 kcal/mol (the ‘“‘rule of
thumb”’) [53]. These data can be taken as proofs that photo-
electron transfer process occurs between the quenchers and
sensitizer molecules and contact radical ion pairs are
generated.

Table 3

Cyclic voltammetry data for thienylidene azo dyes 4a— b

Dye Erea (V) Eox (V) E& (V) E, (eV) HOMO (eV) LUMO (eV)
4a —0.58, —0.75, —1.28 0.87, 1.25 —1.73 2.54 (2.53) —5.61 -3.07

4b —0.78, —1.28 0.85, 1.20 —1.73 2.52 (2.48) —5.59 -3.07
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Fig. 9. (a) Fluorescence emission quenching of thienylidene azo dye 4a with
increasing Co** concentration in tetrahydrofuran solution (Aex. =480 nm),
and (b) the corresponding Stern—Volmer plots (for 4a: 144.47X + 1.00982;
R*: 0.99, for 4b: 122.91X + 1.00516; R*: 0.99).

3.4. Changes in absorption spectra of the complexes with
copper(ll) ions

The complexation processes of thienylidene azo dyes 4a—
b with copper(Il) ions were studied in MeCN solution. At each
addition 40 pl of CuCl, solution prepared in MeCN at the con-
centration of 5 x 10~* M was poured into the 3 ml MeCN so-
lution of 1.2 x 10~* M compounds 4a—b. After each addition,
changes in absorbances of compounds 4a—b were monitored
and new absorption bands were observed (Fig. 11). The ab-
sorption spectra of copper(Il) complexes of thienylidene azo
dyes 4a—b give blue shifts at n—t* transition in the visible
region as compared to the visible absorption spectra of uncom-
plexed form of the dyes. More gradual blue shifts from 377 nm
to 356 nm for compound 4a and from 343 nm to 318 nm for
compound 4b are observed in presence of copper(Il) ions.
Also, new UV absorption peaks are observed at the wavelength
of 255 nm for both the compounds. Copper(Il) alone gives ab-
sorption peaks at the wavelengths of 462 nm, 310 nm, and
260 nm (data not shown).
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Fig. 10. (a) Fluorescence emission quenching of pyrene with increasing thie-
nylidene azo dye 4a concentration in tetrahydrofuran solution (A.x. = 320 nm),
and (b) the corresponding Stern—Volmer plots (for 4a-pyrene:
0.08049X + 1.0197; R* 0.98, for 4b-pyrene: 0.15528X + 0.9921; R*: 0.99,
aanth— 340 nm, for 4a-anthracene: 0.11105X + 0.9854; R%: 0.99, for 4b-

exc

anthracene: 0.15373X + 1.00008; R%: 0.99).

Copper(Il) ion is mainly complexed with the non-bonding
electron pair of the oxygen atom belonging to the hydroxyl
group and the nitrogen atom of the imine group. Also, energy
increase of the intense 7—m* transition of compounds at
wavelength of 300—380nm is due to the complexation

Table 4

Fluorescence quenching rate constants (kq/M’] s~) calculated from the
Stern—Volmer plots of the corresponding quenchers and Gibbs free energies
(AGgt/(kcal/mol)) of the acceptor (Co?*) and donor (pyrene and anthracene)
molecules

Compound Quenchers kq AGgr
4a Co** 2.1 x 10™ -19.7
Pyrene 4a 2.5 x 10" —-19.2
Anthracene 4a 2.1 x 10" —19.9
4b Co*t 45 % 10" —18.7
Pyrene 4b 4.8 x 10" —-19.2
Anthracene 4b 2.9 x 10" —19.9
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Fig. 11. Changes in UV—vis absorption spectra of (a) thienylidene azo dye 4a
(1.2 x 10~* mol 17", and (b) thienylidene azo dye 4b (1.2 x 10~* mol1™") by
adding Cu*" ions in MeCN during the complex formation. Arrows indicate
a change in the absorbance with increase in the concentration of Cu®"
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25x 107, 3.1 x107°,3.7x 107,43 x 107, 48 x 107, and 5.3 x 107"

between copper(Il) ion and azo ligand or imine group. A
strong hyperchromic shift is observed for this region, while
complexation of the dyes with the metal ion is responsible
for a significant hypochromic shift at n—m* transition region.

4. Conclusions

In this study, new kind of azo dyes combining with salicyal-
dimine-based ligand and nitro-substituted thiophene moiety
have been synthesized. The experimental results obtained in
solvents of different polarity have revealed that increasing sol-
vent polarity diminishes the LUMO energy level of the studied
compounds with a higher ratio relative to the HOMO energy
level, excluding in chloroform solution. Hydrogen bonding
ability of the chloroform with the hydroxyl group facilitates
formation of keto form of the compound. Long-wavelength
emissions of the compounds indicate the keto structure.

Also, strong electron donor (alkylamino-) and strong elec-
tron acceptor (nitro-) group in the side chain of the compounds
give a hyperpolarizability activity to the structure. Studied
compounds behave as an electron acceptor towards 7t-electron
rich aromatics of pyrene and anthracene because of the elec-
tron-withdrawing capacity of azo group, but behave as an elec-
tron donor towards acceptor Co’' ions. Chelating of
thienylidene azo dyes 4a—b with copper(Il) ions have sug-
gested that these compounds are also used as reagent for spec-
troscopic determination of trace amounts of Cu®>" with the
detection limit of between 6.6 x 10° and 5.3 x 10> mol1™".
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