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to those of L'—L3.

New azo-azomethine dyes, L'—L3, with N»S,0, donor set of atoms have been synthesized via conden-
sation reaction of 1,2-bis(2-aminophenylthio)ethane with 5-(4-X-phenyl)-azo-salicylaldehyde (X = Cl,
OMe and Me). The new dyes were characterized by IR, UV—Vis, 'H NMR and fluorescence spectroscopy as
well as mass spectrometry and elemental analysis. Mononuclear nickel(Il) complexes of the dyes have
been also prepared. The crystal structure of [NiL']-0.5H,0 was determined by single-crystal X-ray
diffraction. The thermal analysis data indicate that all prepared dyes, L'—L3, are thermally stable up to
320 °C. The fluorescence behavior of the prepared complexes have been also investigated and compared

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Aromatic azo compounds are key chromophores in the chemical
industry as dyes and pigments, food additives, indicators, radical
reaction initiators and therapeutic agents [1—4]. They are known to
be involved in various fields such as dyeing of textile fibers, coloring
of different materials like wood, wool, leather, metal foil and
plastic, biological and medical investigations and even the organic
synthesis [5,6]. Moreover, azobenzenes can be advanced into ma-
terials for nonlinear optics, optical storage media, chemosensors,
liquid crystals, photochemical molecular switches, nanotubes and
in manufacture of protective eye glasses and filters [7—11].

Recently, considerable effort has been drawn toward azo com-
pounds containing Schiff-base ligands due to their mixed soft-hard
donor character (O, N and S donor sites), versatile coordination
behavior [12,13], diverse pharmacological properties [14,15] and
optical and thermal properties [16—18]. Metal-azo complexes are
currently being involved as recording layers in a number of high-
density optical storage systems such as blue-ray discs (BDs) and
high density DVDs (HD-DVDs) [19,20]. Aforementioned systems
employ blue-laser diodes (4 = 405 nm) with a shorter wavelength,
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which can write smaller bits and thus increase the data storage
capacity to 15—100 G bytes, enough to afford compatibility with
high-definition television (HDTV) [21,22]. Recently, some new
metal-azo complexes, which have absorption bands in the blue-
violet light region (350—450 nm) and have good solubility in
many solvents, have been proposed for potential applications in
high-density recordable optical recording media [23,24]. Further-
more, transition metal complexes of azo-azomethine compounds
have been targeted because of their impressive chemical and
physical properties. In comparison with free ligands, metalized azo-
azomethines are more optically stable, allow for easier control of the
absorption wavelength and have good thermal stability [25—27].
In view of the foregoing discussion and the continued interest in
coordination chemistry, our present work describes the prepara-
tion and properties of three new acyclic azo-azomethine dyes
containing N»S,0, donor set of atoms derived from condensation
reaction of 1,2-bis (2-aminophenylthio)ethane with 5-(4-
substituted-phenyl)-azo-salicyladehyde, Fig. 1, along with their
nickel(II) complexes. The prepared compounds have been charac-
terized by spectroscopic methods as well as elemental analysis. The
crystal structure of [NiL!]-0.5H,0 was determined by single-crystal
X-ray diffraction and results showed that the geometry of the co-
ordination sphere of Ni(Il) is a slightly distorted octahedral. Ther-
mal properties of the prepared dyes and their complexes were
also examined by thermal analysis (TGA-DTA). Furthermore,
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LLL?
Fig. 1. Synthesized azo-azomethine ligands.

fluorescence behavior of azo-azomethine dyes and their Ni(II)
complexes has been evaluated. The results indicate that fluorescent
emissions of the dyes and their complexes are dependent on the
substituent groups on the extended conjugated backbone.

2. Experimental
2.1. Materials

All reagents and solvents involved in synthesis were of analyt-
ical grade and used as received without further purification. Sali-
cylaldehyde, p-methylaniline, p-chloroaniline, p-anisidine, 2-
aminothiophenol and 1,2-dibromoethane were obtained from
Aldrich and Merck. Azo-coupled salicylaldehyde precursors, 1 and
3, were prepared according to the well-known literature procedure
[28].

2.2. Instrumentation

TH NMR spectra were recorded on a Bruker AV 300 MHz spec-
trometer. FT IR spectra were recorded as pressed KBr discs, using
Unicom Galaxy Series FT IR 5000 spectrophotometer in the region
of 400—4000 cm~ .. Melting points of all new compounds were
determined on Electrothermal 9200 apparatus. Thermal analyses
were performed on a DuPont 2000 and a Perkin—Elmer Ther-
mogravimetric Analyzer TGA/DTA 6300 instruments. Elemental
analyses were performed on a Vario EL Il elemental analyzer.
Electronic spectral measurements were carried out using Perkin—
Elmer Lambda double beam spectrophotometer in the range 300—
900 nm. Fluorescence spectra were recorded using Perkin—Elmer
LS50 luminescence spectrophotometer.

2.3. X-ray crystal structure determination

Vapor diffusion of diethyl ether into a solution of [NiL!]-0.5H,0
in chloroform/methanol (4:1) afforded brown crystals suitable for
study by X-ray crystallography. Crystal data were collected on a
Bruker SMART APEX diffractometer at room temperature [29,30]
using graphite-monochromated Mo K, radiation. Cell refinement
and data reduction were carried out with the use of the program
SAINT [31]. An absorption correction was applied using SADABS

[32]. The structure was solved using direct methods with SHELXS-
97 [33] and refined by full-matrix procedures using SHELXL-97
[34]. Details of the X-ray experiments and crystal data are sum-
marized in Table 1.

2.4. Synthesis

2.4.1. 1,2-Bis(2-aminophenylthio Jethane

This was prepared by modification of a literature procedure [35].
A mixture of 2-aminothiophenol (12.52 g, 0.10 mol) and sodium
hydroxide (4.00 g, 0.10 mol) in deionized water (60 mL) was heated
to reflux for 30 min. The mixture was allowed to cool to 60 °C, and
1,2-dibromoethane (9.40 g, 0.05 mol) was added dropwise over a
period of 30 min. The mixture was then heated to reflux for 2 h. After
cooling to room temperature, the reaction mixture was extracted
with chloroform. The organic layer was dried over anhydrous MgSO4
and then evaporated to dryness. The obtained product was further
washed thoroughly with diethyl ether and dried under vacuum at
room temperature. Yield: 61%, m. p. 75—77 °C(Lit. 77—78 °C[35]). IR
(KBr, cm™'); 3358 and 3387 (NH), 1616 and 1479 (C=Caom)-

2.4.2. 1-(3-formyl-4-hydroxyphenylazo )-4-methoxybenzene, 2
Salicylaldehyde (1.22 g, 10 mmol) was dissolved in water (20 mL)
containing sodium hydroxide (0.40 g, 10 mmol) and sodium car-
bonate (4.24 g, 40 mmol) over a period of 30 min at 0 °C. The
resulting solution was added slowly to a diazonium solution of p-
anisidine (1.23 g, 10 mmol) in hydrochloric acid/water (9/4,13 mL) at
0—5 °C. The mixture was stirred for 1 h at 0 °C and then allowed to
warm slowly to room temperature. The product was collected by
vacuum filtration and washed with NaCl solution (100 mL, 10%). The
obtained solid was dried under vacuum at 80 °C overnight. Yield:
95%, m. p. 98—100 °C. '"H NMR (DMSO-dg, 300 MHz, ppm): 6 3.80 (s,
3H),6.27(d,1H,J = 9.5 Hz), 7.01 (d, 2H, ] = 8.8 Hz), 7.65 (m, 3H), 7.80
(d, 1H, J = 2.8 Hz), 10.06 (s, 1H). IR (KBr, cm~!); 1663 (CHO), 1599
(C=C), 1580 (phenol ring), 1501, 1472 (N=N), 1281 (C—-0), 1246,

Table 1
Crystal, experimental and refinement data for L.

Complex

[NiL']-0.5H,0

Empirical formula
Formula weight
System, space group

Ca0H29C12NgNiO2 55,
827.42
Monoclinic, P 2;/c

a, A 9.2357 (7)
b, A 29.106 (3)

¢ A 14.318 (2)
a A 90.0

8, deg 101.111 (10)
v A 90.0

Vv, A3 3776.6 (7)

z 4

Color and shape
Crystal size (n}m)

Brown, prism
0.30 x 0.15 x 0.05

Wavelength, A 0.71073

Pcalcd & cm™3 1.455

F(000) 1700

Temperature, K 295 (2)

w(mm™1) 0.812

Tmin, Tmax 0.7927, 0.9605

Omax. deg 27.50

Index ranges -12<h<12
—-37<k<35
-18<1<18

Reflections collected 8704

refinement (F> > 0), NV
R2WRy S

Final shift/errormax

Ap max., min. (e A=)

0.0877, 0.1808, 1.037
0.001
0.754, —0.558

3 R = S Fol—IF|1[SIF,| for F? > 20F>.

> WRy = [ w(Fo? — F?)?)/ S w(Fo?)2V2, w = [02(Fo?) + (0.05F)%] .
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1148, 851 and 766. Anal. Calcd. for C14H13N203: C, 65.62; N,10.93; H,
4.72. Found: C, 65.53; N, 10.72; H, 4.58%.

2.14.3.3 General procedure for the synthesis of azo-azomethine dyes,
L' -L

A solution of 1,2-bis(2-aminophenylthio)ethane (0.28 g, 1 mmol)
in absolute EtOH (10 mL) was added to a stirred solution of azo-
coupled precursors, 1-3, (2 mmol) in absolute EtOH (50 mL) dur-
ing a period of 30 min at 50 °C. The solution was heated in water bath
for 4 h at 80 °C with stirring. The mixture was filtered whilst hot and
the obtained solid was washed with hot ethanol (three times) and
then with diethyl ether. The resulted product was dried in air.

2.4.3.1. 1,2-bis((4-((4-chlorophenyl)diazenyl)-2-((phenylimino)
methyl)phenol)thio)ethane, L. Yield: 77%, m. p. 238—240 °C. 'H
NMR (DMSO-dg, 300 MHz, ppm): 6 3.24 (s, 4H), 713 (d, 2H,
J = 8.8 Hz), 7.29—7.51 (m, 8H), 7.63 (d, 4H, ] = 8.3 Hz), 7.85 (d, 4H,
] = 8.3 Hz), 7.99 (d, 2H, ] = 8.8 Hz), 8.26 (s, 2H), 9.08 (s, 2H), 13.73
(br, 2H). IR (KBr, cm™!); 1612 (C=N), 1578 (phenol ring), 1470
(N=N), 1350, 1281(C—0), 1082, 837 and 738. m/z = 43.0, 57.1, 81.0,
109.0, 145, 207.0, 247.0, 301.0, 368.0, 565.0, 617.0. Anal. Calcd. for
C40H30C1aNg032S2: C, 63.07; N, 11.03; H, 3.97; S, 8.42. Found: C,
63.21; N, 10.64; H, 4.32; S, 8.65%. Amax (nm) (¢ (mol~' dm? cm™1)):
359 (48881) in DMF.

2.4.3.2. 1,2-bis((4-((4-methoxyphenyl)diazenyl)-2-((phenylimino)
methyl)phenol)thio)ethane, L. Yield: 72%, m. p. 258—260 °C. 'H
NMR (DMSO-dg, 300 MHz, ppm): 6 3.24 (s, 4H), 3.86 (s, 6H), 7.12 (m,
6H), 7.34—7.50 (m, 8H), 7.86 (d, 4H, J] = 8.7 Hz), 7.95 (d, 2H,
J =79 Hz), 8.22 (s, 2H), 9.08 (s, 2H), 13.50 (br, 2H). IR (KBr, cm™1);
1614 (C=N), 1584 (phenol ring), 1468 (N=N), 1358, 1279 (C—0),
1105, 1067 and 835. m/z = 29.0, 43.0, 57.0, 83.0, 111.0, 140.0, 206.9,
250.0, 316.0, 332.0. Anal. Calcd. for C42H3gNg04S,: C, 67.00; N, 11.16;
H, 4.82; S, 8.52. Found: C,67.11; N, 11.43; H, 4.66; S, 8.42%. Amax (Nm)
(e (mol~! dm? cm™1)): 367 (48265) in DMF.

2.4.3.3. 1,2-bis((4-((4-methylphenyl)diazenyl)-2-((phenylimino)
methyl)phenol)thio)ethane, L3. Yield: 78%, m. p. 220—222 °C. 'H
NMR (DMSO-dg, 300 MHz, ppm): 6 2.39 (s, 6H), 3.24 (s, 4H), 7.13 (d,
2H, ] = 8.8 Hz), 7.32—7.52 (m, 12H), 7.76 (d, 4H, | = 7.8 Hz), 7.98 (d,
2H, J = 8.8 Hz), 8.24 (s, 2H), 9.09 (s, 2H), 13.56 (br, 2H). IR (KBr,
cm™1); 1612 (C=N), 1580 (phenol ring), 1470 (N=N), 1350, 1281
(C—0),1105,1067 and 824. m/z = 29.0, 57.0, 85.0, 113.0, 141.0, 207.0,
253.0, 309.0, 365.0, 581.0. Anal. Calcd. for C42H3gNg02S: C, 69.97;
N, 11.66; H, 5.03; S, 8.90. Found: C, 69.55; N, 11.23; H, 4.54; S, 9.04%.
Amax (nm) (e (mol~' dm? em™1)): 357 (47345) in DMF.

2.4.4. General procedure for the synthesis of nickel(Il) complexes

A solution of Ni(ClO4);-6H,0 (0.37 g, 1 mmol) in absolute
ethanol (10 mL) was added to a suspension of L'-L3? (1 mmol) in
CHCl3 (50 mL) over a period of 5 min. The reaction mixture was
allowed to stirred for 24 h at 45 °C. The obtained solution was left to

Table 2

stand at room temperature for several days to give solid product.
The resultant product was collected by filtration and washed suc-
cessively with methanol and then dried in air overnight.

2.4.4.1. [NiL']-0.5H,0, I. Brown crystals, Yield: 73%, m. p. >270°C.IR
(KBr,cm™); 1606 (C=N), 1574, 1462,1342 (C—0), 1153, 1142, 835, 748,
582, 547,497 and 418. Anal. Calcd. for C49H29ClyNgNiO3 5S;: C, 58.06;
N,10.16; H, 3.53; S, 7.75.Found: C,57.58; N, 9.93; H, 3.52; S, 7.33%. Amax
(nm) (¢ (mol~! dm® cm™1)): 415 (42883), 430 (43892) in DMF.

2.4.4.2. [NiL%(Cl04)]-CH30H, II. Brown powder, Yield: 81%, m. p.
>270 °C. 'H NMR (DMSO-dg, 300 MHz, ppm): § 2.78 (s, 2H), 2.91 (s,
2H), 3.76 (s, 3H), 3.83 (s, 3H), 6.53 (m, 1H), 6.74 (m, 1H), 6.93 (s, 3H),
710 (m, 7H), 7.28 (d, 1H, J = 7.4 Hz), 7.48 (s, 1H), 7.85 (d, 3H,
J = 7.4 Hz), 8.03 (m, 4H), 8.21 (s, 1H), 9.07 (s, 1H), 10.34 (s, 1H), 11.46
(br, 1H). IR (KBr, cm~!); 1614 and 1599 (C=N), 1579, 1501, 1385,
1356 (C-0), 1151, 1109, 1026, 837, 758, 667, 623, 521, 501, 436 and
415. Anal. Calcd. for C43H39CINgNiOgS;: C, 54.82; N, 8.92; H, 4.17; S,
6.81. Found: C, 54.67; N, 9.39; H, 4.10; S, 6.98%. Amax (nm) (e
(mol~! dm® cm™1)): 393 (46787), 429 (44243) in DME.

2.4.4.3. [NiL3(ClO4)]-CH30H, HI. Brown powder, Yield: 83%, m. p.
>270 °C. "H NMR (DMSO-dg, 300 MHz, ppm): 6 2.39 (s, 3H), 3.24 (s,
2H), 6.92 (m, 1H), 7.11 (m, 2H), 7.19 (s, 6H), 7.28 (m, 2H), 7.38 (d, 2H,
J =7.0Hz), 7.50 (s, 1H), 7.77 (d, 2H, ] = 4.6 Hz), 7.97 (s, 4H), 8.16 (s,
1H), 8.25 (s, 1H), 9.10 (s, 1H), 10.36 (s, 1H). IR (KBr, cm~!); 1606
(C=N), 1385, 1356 (C—-0), 1292, 1142, 1109, 1016, 831, 760, 667, 623,
551, 503, 470 and 416. Anal. Calcd. for C43H39CINgNiO5S;: C, 56.75;
N, 9.23; H, 4.32; S, 7.05. Found: C, 56.47; N, 9.19; H, 4.26; S, 6.52%.
Jmax (nm) (e (mol~! dm? cm™)): 403 (40124), 431 (37819) in DMF.

3. Result and discussion

The condensation reaction of 5-(4-X-phenyl)-azo-salicylade-
hyde (X = Cl, OMe, Me) with 1,2-bis(2-aminophenylthio)ethane in
ethanol afforded new azo-azomethines, L'-L3, in good yield. All
synthesized compounds, with N, S and O donor set of atoms, are
thermally stable solids, intensely colored, soluble in THF, DMF and
DMSO. The prepared compounds also exhibited dye character. L1-L3
have been used to prepare nickel(Il) complexes, I-IIL All prepared
mononuclear complexes have been characterized by FT IR and UV—
Vis spectroscopes and 'H NMR as far as possible. Also, the crystal
structure of I has been determined. Moreover, thermal and spectral
properties of L1—L? and their complexes have been reported.

3.1. IR spectra

The position of some of the prominent bands in the IR spectra
of L'-L2 and their nickel(Il) complexes along with their tentative
assignments based on extensive data accessible for related com-
pounds [26,36,37] are depicted in Table 2. The total absence of
u(C=0) band of azo-coupled salicylaldehyde precursors in the IR

Tentative assignments of some selected IR? frequencies (cm~') and UV—Vis data of the prepared azo-azomethine ligands and their Ni(Il) complexes.

Compounds v(C=N) v(C—0) v(C=S) V(Cl0y) v(Ni—N) v(Ni—0) Amax (nm) (e (mol~! dm>® cm™ 1)) in DMF
[ 1612 1281 786 — — - 359 (48881)

L? 1614 1279 785 - — — 367 (48265)

L3 1612 1281 787 - — — 357 (47345)

I 1606 1342 748 . 497 548 415 (42883), 430 (43892)

I 1599 1356 758 1151, 1109, 1026 436 501 393 (46787), 429 (44243)

667, 623
I 1606 1356 760 1142, 1109, 1016 470 503 403 (40124), 431 (37819)

667, 623

2 KBr discs.
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OH

e

\X

X=ClO,
Fig. 2. Proposed structure for II and IIL

spectra of L1-L3 together with the appearance of a new band in
the range of 1612—1614 cm™! clearly indicate that a Schiff-base
has formed in each case. On comparing with the literature
report [38] the IR spectra of L1-L? exhibit medium bands in the
range of 1468—1470 cm™}, corresponds to symmetric N=N
stretching mode.

On the other hand, I and III have similar IR spectra but different
from that of I. The v(C=N) in the infrared spectrum of I is red-
shifted by 6 cm™! from that of L1 This can be ascribed to the
withdrawal of electron density from the nitrogen atom owing to
coordination. The v(C—0O) (phenolic) in IR spectrum of I appears at
1342 cm~! and is blue-shifted by 61 cm ™! from that of L! which is in
agreement with the phenolato-O single bonded to Ni(Il) ion [39].
The total absence of bands at 1090—1150 cm ™! in the IR spectrum of
I implies that the complex has no perchlorate counter ion. The
presence of two bands in the infrared spectra of I and III at 1614—
1599 and 1612—1606 cm~), respectively, reveals the presence of
two imine bonds. The band at lower frequency, 1599 and 1606 cm ™!
for II and III, respectively, owing to the coordination to nickel(II)
center and the other band appeared as shoulder close to that of the
free ligands [40]. Also, the infrared spectra of II and IIl show the
presence of two phenolic C—O stretching vibrations; one appearing
at higher frequency (1356 cm~!) owing to the coordination of one
OH group to nickel(Il) center and the other appeared at lower fre-
quency close to that of free ligands. Furthermore, in the IR spectra of
II and III, the strong vibration band assigned to perchlorate ion is

NS ¢ N N S SN
= - N N=N
N=N N N@Cl @ HoO

m/z:617

4
NS s N
g u—7

m/z:301 m/z:247

N
i 1 2H
HO NZN@CI 1o NeN

1 A

0.9 -
0.8 -
0.7 1 —1
0.6 - 1
) —111
ABS 0.5 -
—1L1
0.4 1 — s
0.3 L3
0.2 -
0.1 -
0 —_ —
320 420 520 620 720 820

nm

Fig. 4. Electronic absorption spectra of L'-L? and I-III in DMF.

triple split into three bands, which points the presence of coordi-
nated perchlorate group. In addition, the observed bands at 623 and
667 cm™! also support the presence of coordinated perchlorate ion
[41]. The proposed structures for Il and III are given in Fig. 2 which
is also in accordance with data from the 'H NMR spectra. For all
synthesized complexes, the coordination of azomethine nitrogen is
also confirmed by the presence of new bands at 436—497 cm™ .
Moreover, the Ni—O stretching frequencies for complexes would be
at 501-548 cm™! [22].

3.2. 'H NMR spectra

The 'H NMR spectra of L'-L3 present the slightly broad signal at
13.50—13.73 ppm, assigned to the OH protons, as was confirmed by
deuterium exchange when D,0 was added to DMSO-dg solution. The
CH=N protons of L'-L3 exhibit a singlet at ~9.1 ppm. In addition,
the 'H NMR spectra of L'-L? are dominated by doublets at 7.12—
7.63 ppm and at 7.76—7.86 ppm, which belong to the AA’XX’ spin
system of the para-substituted aromatic ring. The doublet pattern of
high-field signal is simplified after irradiation of the low-field
doublet. The ratio Ad/J is 8.16, 25.5 and 14.83 for L'—L3, respectively.

The 'H NMR spectrum of II reveals the presence of two sets of
signals with relative proportions of two sets of azo-coupled units of
the ligand (coordinated and uncoordinated). The imine like proton

N _
: Q oH
-4H N\ *
S S /N
H

m/z:565 m/z:368

N

+2H
o

m/z:145 m/z:109

Fig. 3. The fragments observed in the mass spectra of L',
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ﬂ N(3)

S

Ch21

Fig. 5. Molecular structure of I showing displacement ellipsoids at the 50% probability level.

corresponding to the uncoordinated imine group appeared at
9.07 ppm, close to that of L2 On the other hand, the coordinated
imine hydrogen signal was appeared at 10.34 ppm [42]. Further-
more, the broad signal at 11.46 ppm is attributed to the uncoordi-
nated phenolic OH group. It is interesting to note that a similar
pattern of "TH NMR spectrum was observed for III.

3.3. Mass spectra

Mass spectra data of L—L3 were consistent with the molecular
ion fragments and support the proposed structures. Some of the
fragments observed in the mass spectrum of L! are shown in Fig. 3.
The peaks observed at m/z = 617, 565 and 301 confirm the for-
mation of the bis-iminated compound. The peaks observed at m/
z = 247 in the mass spectra of L! can be assigned to the fragment
containing chlorine group. The fragmentations observed in the
mass spectra of L? and L? are presented in Section 2 (See
Supplementary materials).

3.4. The electronic absorption spectra

The electronic absorption spectra of L'-L? and I-III were
recorded in DMF over the 300—900 nm range at room temperature.
The results are given in Table 2. The UV—Vis absorption spectra of
L'—L3 exhibit an absorption maxima at 357—367 nm, Fig. 4, with
high extinction coefficients which is attributed to the ®* — w*
transition involving the m-electrons of the chromophore groups
[43]. Also, this band is red shifted after chelation of the free dyes to
the Ni(Il) ion [19,43]. In addition, the electronic spectra of I-III

Table 3 .
Selected bond lengths (A) and angles (°) for L.

Bond lengths

Ni(1)—-N(1) 2.045(5) Ni(1)-0(2) 2.009(4)
Ni(1)—-N(4) 2.043(5) Ni(1)-S(1) 2.424(18)
Ni(1)-0(1) 1.992(4) Ni(1)-S(2) 2.419(19)
Bond angles

0(2)—Ni(1)-0(1) 89.81(18) 0O(1)—Ni(1)-S(2) 91.67(14)
0(2)—Ni(1)—-N(1) 95.02(18) N(1)—Ni(1)—-N(4) 173.57(2)
0(2)—Ni(1)—N(4) 91.21(19) N(1)—Ni(1)-S(1) 83.79(13)
0(2)—Ni(1)-S(1) 91.64(13) N(1)—-Ni(1)-S(2) 90.44(14)
0(2)—Ni(1)-S(2) 174.28(13) N(4)—Ni(1)—S(1) 94.43(15)
O(1)—Ni(1)—N(1) 92.36(17) N(4)—Ni(1)-S(2) 83.30(15)
O(1)—Ni(1)—N(4) 89.27(19) S(1)—-Ni(1)-S(2) 87.25(7)
O(1)—Ni(1)-S(1) 176.00(13)

depict the very broad band located around 430 nm corresponding to
the charge transfer transitions involving the entire molecule, Fig. 4.

3.5. Crystal structure of I

The molecular structure of I is shown in Fig. 5 along with the
atomic numbering scheme. Selected bond lengths and angles are
listed in Table 3. The geometry of the complex is best considered as
slightly distorted octahedral. The Ni(Il) center is coordinated by the
N,S,0, donor set of atoms where both imine nitrogen atoms are
disposed trans to each other (The N(1)—Ni—N(4), S(1)—Ni—S(2) and
O(1)—Ni—0O(2) angles are 173.57(2), 87.25(7) and 89.81(18)°,
respectively). The bond lengths from both coordinated nitrogen
atoms to the Ni(Il) center are slightly different [Ni—N(1) 2.045(5), Ni—
N(4)2.043(5)A]. Similar findings were observed for those found from
both oxygen and sulfur atoms [Ni—S(1) 2.424(18), Ni—S(2) 2.419(19),
Ni—0(1) 1.992(4), Ni—0(2) 2.009(4) A]. All bond lengths are com-
parable to corresponding distances reported in literature [44—46].

3.6. Fluorescence properties

The fluorescence emission spectra of L'-L3 and I-III were
recorded in DMF at room temperature, Fig. 6. As it is shown in Fig. 6,
the fluorescence emission of L'-L? appears at ca. 520 nm with
excitation wavelength 520—530 nm. The fluorescence quantum
yields of the dyes were estimated from the following equation [47]:

350

300 -

—L2
—L3

Fluorescence Intensity

0 — T -

500 510 520 530 540 550

Fig. 6. Fluorescence emission spectra of the ligands. Aex (L') = 523.5 nm, Aex
(L%) = 530.0 nm, Jex (L*) = 520.7 nm.
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Table 4
Thermal analyses data for ligands and their Ni(Il) complexes.

Compounds Tg, °C  Temp. of Massloss% Probable % Proposed

steps °C  found calcd. decomposition
assignment

L! 336 295—-440 52.70 52.94 C16H16C12N20,S;
440-800 11.71 11.83 CeHsN

12 340 270—-380 48.18 48.28 C17H19N205S;
380—800 15.89 16.09 C;H;NO

L? 337 295-370 46.68 46.11 C16H16N20,S;
370-800 17.08 16.53 C7H7N,

1 344 100-270  1.40 1.08 0.5H,0
270—400 28.64 28.73 C14H12S:
400-800 13.75 13.89 C7H4NO

1| 249 32-178 342 3.40 1CH5;0H
178—420 28.65 28.42 CgHsClO4S;
420—-800 13.04 12.86 C7H;NO

11 295 30-190 3.52 3.52 1CH50H
190—410 29.28 29.42 CgHsClO4S,
410—-800 17.48 17.93 CoH11N20

&5 = Fs/Fg x Ag/As x (ns/ng)* x Og

where @ is the quantum yield of the standard, A is the absorbance
at the excitation wavelength, F is the integrated intensity of the
emission spectra, n is the refractive index of the solution, index S
refers to the sample, and R denotes the reference. The standard

105

used for measurement of the fluorescence quantum yield was
quinine sulfate (®g = 0.51) [47,48]

In the current work, the quantum yields of L'-L? are 0.072,
0.020 and 0.13, respectively which are too low. The azomethine
linkage, as well as azo groups, is known to quench the fluorescence
of even the most intrinsically fluorescent fluorophores [49,50].
Furthermore, electron-donating and electron-withdrawing groups
on the para-position of the phenyl ring can drastically alter the
electron density and the electron conjugate system of the dyes [50].
This behavior can be interpreted by the presence of fluorescence
quenching intra-ligand PET (Photo-induced Electron Transfer)
processes, which occur from the conjugated positions of the dyes
toward the fluorophores [51]. The electron-donating resonance
contribution of the substituent such as a methoxy group may
facilitate this process in L? to ensure its low fluorescence intensity
[52]. Moreover, it is interesting to state that stokes shift values for
L'—L3 are 161, 153 and 163 nm, respectively, resulting in a negli-
gible overlap between the absorption and emission spectra of the
dyes, preventing the re-absorption of the emitted light. These large
stokes shifts make unique advantages for detection of emitted light
fluorescence in biological applications and are significant for
avoiding undesired loses in the optoelectronic devices [49].

In contrast with the fluorescence spectra of L'—L3, fluorescence
quenching phenomena are observed in I-IIl. Quenching of fluo-
rescence of L'—L3 after complex formation with transition metal
ions can be attributed to the processes such as delocalization of 7-

-48

100

Weight % (%) —— ——
~ @ ©
=) =1 =1

@
=}

50

40

(a)

-40
30

-20

=]
Heat FlowEndo Up (mW) — —

20

32

20 100 200 300 400

@ @
S &

Weight % (%) —— =—
~
G

70

65

60

55

Temperature (°C)

500 600 700 800 850

Heat FlowEndo Up (mW) — —

50
20 100 200 300 400

500 600 700 800 850

Temperature (°C)

Fig. 7. TGA/DTA curves of (a) L' and (b) .
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electrons within system, redox-activity and also electron energy
transfer [53].

3.7. Thermal properties

In order to examine the thermal stability of the new compounds,
the thermal decomposition studies carried out using thermog-
ravimetry techniques, Table 4. In the present investigation, the
heating rates were suitably controlled at 10 °C min~' under N; at-
mosphere, and the weight loss was measured from 25 °Cup to 800 °C.

The TGA/DTA curves of L! and I are presented in Fig. 7 (for the
other synthesized compounds see Supplementary materials). The
TGA curves of L'-L? do not display any mass losses up to 290 °C,
which indicate the thermal stability of the ligands and no solvent
molecules were incorporated in the samples. Furthermore, for L'—
L3 the corresponding DTA curves present an endothermic peak
without any weight loss exhibiting a physical process which is
likely attributed to the melting of prepared compounds. Above
290 °C, the TGA curves show a major loss of weight where the
corresponding DTA curve indicates an exothermic peak. The
exothermic peak depicts the removal of the ligand framework.

The TGA thermogram of I exhibits a mass loss of 1.40% within
the temperature range of 100—270 °C, which corresponds to the
loss of water molecule (0.5 mol, calcd. 1.08%). Complexes II and III
lose one methanol molecule within the temperature range of 30—
190 °C with an estimated mass loss of 3.42% (calcd. 3.40%) and
3.52% (calcd. 3.52%), respectively. It is noteworthy to mention that
the thermal decomposition behavior of I is quite different from that
of I and IIL. As the temperature is increased, the TGA curve of 1
exhibits a sudden and sharp decomposition step. This part of the
process is accompanied by highly exothermic effect in the DTA
curve at 345 °C. However, II and Il decompose gradually in the
same manner with exothermic effect at 253 and 298 °C, respec-
tively. Above 400 °C, the TGA curves of prepared compounds show
a continuous and significant weight loss up to 800 °C. Furthermore,
the comparison of decomposition temperature indicates that the I
is thermally more stable than the other complexes. This fact can be
related to the different structure of I comprised with II and IIL

4. Conclusion

In the present work three new bis-iminated azo-azomethine
ligands, L'-L3, and their nickel(Il) complexes, I-1II, have been
synthesized and characterized. The prepared ligands have dye-like
character since the molar extinction coefficients (¢) were over
30,000 mol~! dm® cm~. The emission spectra revealed that L'—L3
are fluorescent in nature, and their fluorescence emission intensity
is highly affected by different substitution groups. The order of
fluorescence intensity is L3 > L > L2, Also, further studies exhibited
that the complexation to nickel(Il) ion quench the fluorescence
behavior of L'-L3. The prepared dyes are also thermally stable up to
320 °C. In addition, the results indicated that the I is thermally more
stable than the other complexes. This fact can be attributed to the
specific chemical structure of metal complexes. Suitable electronic
absorption spectra of the synthesized complexes were found in
blue-violet light absorption at about 350—450 nm. Thus, on the
basis of the high thermal stability of the prepared complexes and
their suitable absorption spectra in the blue-violet light region, the
reported complexes may be potentially good candidates of optical
recording media for blue-ray optical information storage.
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