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Abstract Ru(II) complexes with some dinitrogen ligands; 3,4-diamino benzoic acid (DABA), 2-hy-

dazinopyridine (hzpy), 2,20-bipyridyl (bipy) and anthranilic acid (anth) have been synthesized and

characterized by using IR, mass, and UV–Vis spectrometry and thermal analysis. The thermody-

namic parameters (DE, DH, DS and DG) have been calculated by using Coats–Redfern and

Horowitz–Metzger methods. The electrochemical properties of these complexes have been studied

by using cyclic voltammetry. The evaluated energies of the HOMO and LUMO are in the range of

�4.94 to �4.85 eV and�2.86 to �2.68 eV, respectively. The complexes have been proven to have an

octahedral geometry with DABA, hzpy and bipy as N2 donor ligands and NSC as monodentate

ligand. The structure of the Ru(II) complexes has been geometrically optimized by using parame-

terized PM3 semiempirical method.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metal complexes containing nitrogen chelating ligands have

interesting physicochemical properties and important biologi-
cal activities (Ali and Livingstone, 1974; Campbell, 1975;
Crichton, 2012; Padhye and Kauffman, 1985). The transition
metal ruthenium has a rich chemistry (McCleverty and

Meyer, 2004; O’Regan and Grätzel, 1991). This allows the uti-
lization of its complexes, such as ruthenium(II) polypyridyl
complexes, in dye sensitized solar cells (DSSCs)

(Kalyanasundaram and Grätzel, 1998; Gratzel, 2004;

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2015.04.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ahmedsoliman61@gmail.com
http://dx.doi.org/10.1016/j.arabjc.2015.04.001
http://www.sciencedirect.com/science/journal/18785352
http://dx.doi.org/10.1016/j.arabjc.2015.04.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


390 A.A. Soliman et al.
Nazeeruddin et al., 1993; O’Regan and Grätzel, 1991; Sahin
et al., 2010a,b), molecular electronic devices (Robertson and
McGowan, 2003), organic light emitting diodes (Oner et al.,

2012), DNA structural probes and new antitumor agents
(Dos Santos et al., 2013; Metcalfe and Thomas, 2003).
Recently, depending on massive data on ruthenium polypyridyl

complexes, the replacement of 2,20-bipyridine (bipy) by other
ligands with nitrogen-containing heterocyclic compounds, has
received attention as this causes changes in their photophysical

and electrochemical properties (Balzani et al., 1996; Chao and
LN, 2005; De Cola and Belser, 1998; Juris et al., 1988; Kaes
et al., 2000; Vos and Kelly, 2006). These properties actually
represent the most important factors on their performances in

relative application areas. In this study, we prepared five new
ruthenium complexes by using anthranilic acid (anth), 3,4-
diaminobenzoic acid (DABA), 2-hydrazinopyridine (hzpy)

and 2,20-bipyridyl (bipy) as the ligands and investigated their
structural, thermodynamic, optical and electrochemical
properties.
2. Experimental

2.1. Materials

All chemicals used in this study were of the highest purity

available. 3,4-diaminobenzoic acid was purchased from
Arcos Organics, ruthenium trichloride hydrate was purchased
from Merck while, 2,20-bipyridine, 2-hydrazino pyridine,

anthranilic acid, dichloro(p-cymene)ruthenium(II) dimer,
ethanol, N,N-dimethylformamide (DMF), tetrabutyl ammo-
nium hexafluorophosphate (TBAPF6) and methanol were pur-
chased from Sigma–Aldrich. The structural formulas of the

investigated ligands are given in Scheme 1.

2.2. Measurements

Infrared measurements of the complexes were taken by using
Jasco FT-IR – 460 plus (range 400–4000 cm�1). Mass spectra
were taken with a Jeol JMS-AX500 mass spectrometer.

Thermal analysis of the complexes was carried out by using
Anthranilic acid (anth)

H2N

O

HO

N NH

NH2

2-Hydrazinopyridine (hzpy)

Scheme 1 Structural formulas
a Shimadzu thermo-gravimetric analyzer TGA-50H; under a
nitrogen atmosphere with a heating rate of 10 �C/min over a
temperature range from room temperature up to 1000 �C.
UV–Vis and fluorescence spectra were recorded in a 1 cm path
length quartz cell by using an Analytic Jena S 600 UV diode
array spectrophotometer and Edinburgh FLS920P fluores-

cence spectrometers, respectively. Electrochemical data were
obtained using a CH Instrument 660 B Model
Electrochemical Workstation. Cyclic voltammograms were

measured in a cell containing a glassy carbon working elec-
trode, silver wire reference electrode, platinum wire counter
electrode and supporting electrolyte consisting of 0.1 M
TBAPF6 in DMF (scan rate 100 mV s�1).

2.3. Synthesis of complexes

2.3.1. [Ru(II)(bipy)(DABA)(NCS)2] (I)

0.1 g (0.16 mmol) of [RuCl2(p-cymene)]2 was dissolved in
100 ml of methanol and a few drops of DMF mixture, and

then 0.049 g (0.32 mmol) of bipy and 0.097 g (0.64 mmol) of
DABA were added to this solution and heated under argon
atmosphere at 65 �C for 4 h with constant stirring. This reac-

tion resulted in the formation of a violet precipitate. The pre-
cipitated complex was filtered and dried under vacuum and
kept in a vacuum desiccator (0.12 g; yield: 71.4%). 1H NMR
(DMSO-d6) d ppm: 9.39 (d, J= 5.2 Hz, 2H), 8.75

(d, J = 8.4 Hz, 2H), 8.35 (d, J = 4.4 Hz, 1H), 8.29
(t, J = 8.0 Hz, 2H), 7.79 (t, J = 6.4 Hz, 2H), 6.30 (d, J =
6.0 Hz, 2H), 6.05 (d, J= 6.8 Hz, 2H).

2.3.2. [Ru(II)(DABA)(hzpy)(NCS)2] (II)

0.2 g (0.32 mmol) of [RuCl2(p-cymene)]2 was dissolved in
100 ml of methanol and a few drops of DMF mixture, and

then 0.0972 g (0.64 mmol) of DABA and 0.116 g (0.64 mmol)
of hzpy were added to this solution and heated under argon
atmosphere at 65 �C for 4 h with constant stirring. This reac-

tion resulted in the formation of a black precipitate. The pre-
cipitated complex was dried under vacuum and kept in a
vacuum desiccator (0.110 g; yield: 35.9%). 1H NMR

(DMSO-d6) d ppm: 8.30 (s, 1H), 7.93 (s, 1H) 7.26 (s, broad,
2H), 6.95–7.17 (m, 5H), 2.65 (s, 1H), 2.31 (s, 1H).
NH2

NH2HOOC

3,4-Diaminobenzoica cid (DABA)

N N

2,2'-bipyridyl (bipy)

of the investigated ligands.



Table 1 IR spectra of the ruthenium(II) complexes.

Complex V(NAH) cm�1 V(SCNA)cm�1 V(C‚N) cm�1 (qtNH2) (qwNH2) (qrNH2) m(MAN) m(MAO)

2-Hydrazinopyridine (hzpy) 3305 and 3256 – 1602 1284 1154 771 – –

2,20-Bipyridine (bipy) – – 1660 – – – – –

3,4-Diaminobenzoic acid (DABA) 3328 and 3209 – – 1211 1153 783 – –

Anthranilic acid (anth) 3323 and 3238 – – 1232 1139 761 – –

[Ru(II)(bipy)(DABA)(NCS)2] I 3433 2125 1606 1209 1078 763 555 –

[Ru(II)(DABA)(hzpy)(NCS)2] II 3422 2092 – 1236 1031 766 603 –

[Ru(II)(DABA)2(hzpy)]Cl2 III 3415 – – 1226 – 764 599 –

[Ru(II)(bipy)(anth)2] IV 3422 – 1599 1232 1154 766 – 652

[Ru(II)(bipy)(DABA)2]Cl2 V 3420 – 1608 1203 – 767 619 –

Table 2 Mass spectra of the isolated ruthenium(II) complexes.

Complex M. wt. Important mass fragmentations (m/z)

[Ru(II)(bipy)(DABA)(NCS)2] I 525.57 522 (MA3H), 373 (Ru(DABA)(NCS)2 = 374, 217 (Ru(NCS)2 = 217, 151

(DABA-1), 156 (bipy), 58 (NCS), stable Ru isotopes (96, 98, 99, 101, 102, 104)

[Ru(II)(hzpy)(DABA)(NCS)2] II 478.51 478 (M+), 324 (Ru(hzpy)(NCS)2 = 326), 109 (hzpy), 369

(Ru(DABA)(NCS)2 = 369), 152 (DABA), 58 (NCS), stable Ru isotopes (96, 98,

99, 101, 102, 104)

[Ru(II)(hzpy)(DABA)2]Cl2 III 585.41 584 (MAH), 405 (Ru(DABA)2 = 405), 170 (RuCl2 = 171) 324

(Ru(DABA)Cl2 = 324), 362 (Ru(DABA)(hzpy) = 362), stable Ru isotopes (96,

98, 99, 101, 102, 104)

[Ru(II)(Anth)2(bipy)] IV 529.51 526 (MA3H), 136 (Anth = 137), 156 (bipy), stable Ru isotopes (96, 98, 99, 101,

102, 104)

[Ru(II)(DABA)2(bipy)]Cl2 V 632.46 632 (M+), 152 (DABA), 156 (bipy), stable Ru isotopes (96, 98, 99, 101, 102,

104)

Table 3 Thermogravimetric analytical data for decomposition of Ru(II) complexes.

Molecular formula M.W DTGmax

K

Decomposition

temperature K

Weight

loss %

Mass loss Eliminated species Metallic

residue
Cal Found

[Ru(II)(bipy)(DABA)(NCS)2]

I

525.57 403.23 347.40–609.48 41.31 214.22 217.11 bipy(C10H8N2) and

NCS

Ru

(C19H16N6O2S2Ru) 633.97 609.48–689.35 40.35 210.22 212.06 DABA(C7H8N2O2)

and NCS

18.34%

(19.21%calc.)

[Ru(II)(hzpy)(DABA)(NCS)2]

II

478.51 289.02 327.80–568.52 44.66 210.2 213.7 DABA(C7H8N2O2)

and NCS

Ru

(C14H15N7O2S2Ru) 613.44 568.52–695.22 34.87 167.19 166.85 hzpy(C5H7N3) and

NCS

20.47%

21.12%calc.

[Ru(II)(hzpy)(DABA)2]Cl2 III 585.41 304.97 294.23–515.02 15.37 95.1 89.97 3NH3 and CO2 RuO2

(C19H23N7O4S2Cl2Ru) 540.19 515.02–665.20 62.24 357.24 364.39 (C18H14N4Cl2) 22.39%

22.73%calc.

[Ru(II)(Anth)2(bipy)] IV 529.51 380.29 314.25–594.59 18.43 95.1 97.58 3NH3 and CO2 RuO2

(C24H20N4O4Ru) 605.07 594.59–733.22 57.18 301.34 302.77 (C23H11NO2) 24.39%

25.14%calc.

[Ru(II)(DABA)2(bipy)]Cl2 V 632.46 344.64 328.07–600.81 28.34 188.47 179.23 DABA and HCl Ru

(C24H24N6O4Cl2Ru) 618.74 600.81–651.94 56.71 342.78 358.66 C17H15ClN4O2 14.94%

15.98%calc.
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2.3.3. [Ru(II)(DABA)2(hzpy)]Cl2 (III)

0.31 g (0.50 mmol) of [RuCl2(p-cymene)]2 was dissolved in
100 ml of methanol and a few drops of DMF mixture, and
then 0.304 g (2.0 mmol) of DABA and 0.182 g (1.0 mmol) of
hzpy were added to this solution and heated under argon
atmosphere at 65 �C for 4 h with constant stirring. This reac-

tion resulted in the formation of a black precipitate. The pre-
cipitated complex was dried under vacuum and kept in a
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Figure 1 TGA and DrTGA curves of complex I.
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vacuum desiccator (0.236 g; yield: 40.3%). 1H NMR (DMSO-

d6) d ppm: 8.30 (s, 2H), 7.24 (m, 4H), 7.11 (m, 4H), 6.98 (m,
4H), 2.87 (s, 1H), 2.71 (s, 1H).

2.3.4. [Ru(II)(bipy)(anth)2] (IV)

0.31 g (0.50 mmol) of [RuCl2(p-cymene)]2 was dissolved in
100 ml of methanol and a few drops of DMF mixture, and
then 0.156 g (1.0 mmol) of bipy and 0.274 g (2.0 mmol) of

anthracene were added to this solution and heated under argon
atmosphere at 65 �C for 4 h with constant stirring. This reac-
tion resulted in the formation of a black precipitate. The pre-
cipitated complex was dried under vacuum and kept in a

vacuum desiccator (0.200 g; yield: 37.8%).

2.3.5. [Ru(II)(bipy)(DABA)2]Cl2 (V)

0.31 g (0.50 mmol) of [RuCl2(p-cymene)]2 was dissolved in
100 ml of methanol and a few drops of DMF mixture, and
Table 4 The thermodynamic data of the thermal decompositions o

Complex Decomposition temperature (K) DE (k

[Ru(II)(bipy)(DABA)(NCS)2] 347.40–609.48 25.96

609.48–689.35 27.69

53.65

[Ru(II)(hzpy)(DABA)(NCS)2] 327.80–568.52 16.57

568.52–695.22 9.51

26.08

[Ru(II)(hzpy)(DABA)2]Cl2 294.23–515.02 14.98

515.02–665.20 2.87

17.85

[Ru(II)(Anth)2(bipy)] 314.25–594.59 14.84

594.59–733.22 29.32

44.16

[Ru(II)(DABA)2(bipy)]Cl2 328.07–600.81 10.49

600.81–651.94 4.01

14.5

a Average values of DE, DS, DH and DG for the decomposition steps c
then 0.304 g (2.0 mmol) of DABA and 0.156 g (1.0 mmol) of
bipy were added to this solution and heated under argon atmo-
sphere at 65 �C for 4 h with constant stirring. This reaction

resulted in the formation of a deep brown precipitate. The pre-
cipitated complex was dried under vacuum and kept in a vac-
uum desiccator (0.132 g; yield: 20.8%).

2.4. Molecular modeling

An attempt to gain a better insight into the molecular structure

of the synthesized ruthenium complexes, geometric optimiza-
tion and conformation analysis has performed by using a
semiempirical parameterized PM3 method as implemented in

HyperChem 7.5 (HyperChem version 7.5 Hypercube, Inc.,
2003). A gradient of 1 · 10�2 cal Å�1 mol�1 was set as a con-
vergence criterion in all the quantum calculations.

3. Results and discussion

3.1. IR spectra

The IR spectra of the complexes are compared with the free
ligands (hzpy, bipy, Anth and DABA) in order to determine

and monitor the change in the vibration frequency of the
coordination sites that are involved in chelation. The charac-
teristic peaks of all ligands and its complexes are listed in

Table 1. The FT-IR spectra of the diamine ligands
showed medium to strong bands at (3390–3305) cm�1 and
(3324–3209) cm�1 which are assigned to stretching vibration

of the NH2 (hzpy, Anth and DABA) groups. These anti-sym-
metric and symmetric stretching bands appeared as a broad
band in each spectrum with higher frequencies ranging
between 3433 and 3415 cm�1 indicating the coordination of

these groups to metal ions. The coordination of the NH2 or
NH groups is also confirmed from the shift of their
f Ru(II) complexes.a

J mol�1) R2 DS (J K�1 mol�1) DH (kJ mol�1) DG (kJ mol�1)

0.98 �210.39 22.6 107.44

0.85 �265.08 22.41 190.47

�475.47 45.01 297.91

0.91 �223.62 14.17 78.8

0.9 �270.47 4.41 170.33

�494.09 18.58 249.13

0.84 223.99 12.44 80.75

0.74 291.78 0.268 312

515.77 12.7 236.75

0.92 �238.28 11.66 102.29

0.72 �228.82 24.29 162.74

�467.1 35.95 265.03

0.83 �247.08 7.62 92.78

0.73 �286.14 �1.12 175.92

�533.22 6.46 268.7

alculated by the Coats–Redfern and Horowitz–Metzger methods.
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Figure 2 UV–Vis absorption spectrum of 4 · 10�5 M DMF

solution of complex I and normalized photoluminescence spectra

of the complexes in DMF.

Table 5 Absorption and emission data of the Ru(II) com-

plexes in DMF.

Complex kmax, (nm) (e/104 M�1 cm�1) Emiss kmax

(nm)

Uf

p fi p* d p fi p*

I 273 (1.72) 290

(0.40)

496 (0.39) 577

(0.40)

697 0.010

II 272 (1.48) 560 (0.59) 696 0.025

III 288 (1.21) 471 (0.39) 578

(0.42)

743 0.009

IV 282 (2.21) 294

(1.32)

350 (0.20) 582

(0.09)

768 0.024

V 293 (2.77) 360 (0.89) 575

(0.29)

754 0.045

Table 6 Electrochemical data of the Ru(II) complexes in DMF.

Complex EOX1 (V) EOX2 (V) EOX3 (V) ERE(1) (V) ERE(

I 0.71 1.04 1.27 �1.47 �1.7
II 0.70 0.97 1.24 �1.45 �1.8
III 0.72 1.19 – �0.31 �1.3
IV 0.76 1.30 – �1.29 �1.9
V 0.79 1.33 – �0.30 �1.4
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deformation vibrations found at (1236–1203) cm�1 (qtNH2),
(1154–1031) cm�1 (qwNH2) and (767–759) cm�1 (qrNH2) to
higher frequencies (Table 1) (Nakamoto, 1986). In addition,

complexes I and II showed characteristic vibration peaks for
the coordinated SCN (mSCN) at 2125 and 2095 cm�1. The
bands appeared at 555–619 cm�1 may be assigned for MAN

bonding, while the band appeared at 652 cm�1 in complex
IV may be assigned for MAO bonding (Ali et al., 2002).

3.2. Mass spectra of complex

The major fragmentations of the complexes are listed in
Table 2. The molecular ion peaks of the complexes appeared

as in the following: I, 522 (MA3H); II, 478 (M+); III, 584
(MAH); IV, 526 (MA3H); V, 632 (M+). In addition, the mass
spectra of the complexes showed the m/e peaks of the ligands:
152 (DABA), 156 (bipy), 137 (anth) 58 (NCS) and the stable

Ru isotopes (96, 98, 99, 101, 102, 104).

3.3. Thermal analysis

The thermal studies of the ruthenium complexes are carried
out to investigate the stability of the complexes. Calculation
of the thermodynamic parameters was performed by using

the integral method of Coats–Redfern and approximation
method of Horowitz–Metzger (Coats and Redfern, 1964;
Horowitz and Metzger, 1963). The temperature ranges of
2) (V) ERE(3) (V) ERE(4) (V) HOMO (eV) LUMO (eV)

9 �2.09 – �4.86 �2.68
0 �1.98 – �4.85 �2.70
9 �1.89 �2.00 �4.87 �2.76
8 – – �4.91 �2.86
4 �1.71 �1.98 �4.94 �2.71

Figure 3 (a) Differential cyclic voltammogram of complex I

measured in DMF solution, (b) 5 consecutive cyclic voltammo-

grams of complex I in DMF solution. The couple at 0.65 V vs. Ag/

Ag+ is due to ferrocenium/ferrocene couple, which was used as an

internal standard; scan rate is 100 mV s�1.
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decompositions along with the corresponding mass loss of spe-
cies are given in Table 3. A representative TG and DrTG
(derivative TG) plot of complex I is shown in Fig. 1.

Complex I is decomposed in two steps. The first decomposition
step observed at 347.40–609.48 K is attributed to the loss of
bipy and NCS groups with mass losses of 214.22% and

41.31%, respectively. This is followed by the second step with
the loss of DABA and NCS groups with mass losses of
210.22% and 40.35%, respectively at 608.48–689.35 K, leaving

Ru as the metallic residue (18.34%) (Soliman et al., 2007;
Soliman, 2007). Similar trends are observed in the thermal
decomposition of complexes II and V, with Ru or RuO2 as
the metallic residues. The temperature ranges of decomposi-

tion along with the corresponding mass losses of species are
given in Table 3. Thermodynamic parameters of the five com-
plexes are summarized in Table 4. The complexes showed low

thermal stability which is reflected from the relatively lower
overall activation energy. The entropy change (DS*) for the
formation of the activated complexes from the starting reac-

tants is, negative. The negative sign of the DS* suggests that
the degree of structural randomness of the activated complex
was lower than that of the starting reactants (more disorder,
Figure 4 The molecular structure of complex

Figure 5 The molecular structure of complex
random) and the decomposition reactions are slow reactions
(Soliman et al., 2006; Valaev and Gospodinov, 2001).

3.4. UV/visible absorption and fluorescence spectra

The UV–Vis absorption and emission spectra of ruthenium
complexes in DMF solvents are shown in Fig. 2. The maxi-

mum absorption wavelengths and the molar extinction coeffi-
cients are summarized in Table 5. All of the complexes show
visible bands in the 350–580 nm regions due to metal-to-ligand

charge transfer (MLCT) (Klein et al., 2004; Nazeeruddin et al.,
2004). The lowest energy MLCT absorption bands are attrib-
uted to the filled metal t2g orbital to the empty p* orbitals of

the 3,4-diaminobenzoic acid and 2-aminobenzoate for the
complexes I, II, III, V and IV, respectively (Fantacci et al.,
2003). The lowest-energy MLCT band of ruthenium complex
IV is slightly red-shifted to 582 nm when compared with other

complexes. The redshift is attributed to ligand-field strengths
of the r-donating 2-aminobenzoate ligand (Lesh et al.,
2011). The related classes of ruthenium(II) complexes that con-

tain mixtures of bipyridine and phenanthroline typically show
the lowest-energy MLCT band between 520 and 540 nm (Klein
I along with the atom numbering scheme.

II along with the atom numbering scheme.



Figure 7 The molecular structure of complex IV along with the

atom numbering scheme.
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et al., 2004; Li et al., 2008) whereas synthesized ruthenium(II)
complexes with some dinitrogen ligands; 3,4-diamino benzoic
acid, 2-hydazinopyridine and anthranilic acid are redshifted

due to the ligand-field strengths of ligands. The emission spec-
tra of the ruthenium complexes were obtained at room tem-
perature by excitation at their lowest energy MLCT

absorption maxima band. The emission spectra of the com-
plexes containing NCS group i.e. complexes I and II show
bands around 697 nm. The emission maxima of complexes

containing two carbonyl groups (III, IV and V) are red-shifted
compared to other complexes due to stronger acceptor proper-
ties of the carbonyl group lowering the energy of the excited
state (Nazeeruddin et al., 2004). The emission quantum yield

of ruthenium complexes was calculated according to the Eq.
(1), where Uf is the fluorescence quantum yield, A is the
absorption intensity, S is the integrated emission band area

and n is the solvent reflective index, u and s refer the unknown
and standard, respectively (Karapire et al., 2003).

Uf ¼ Ufs

Su

Ss

As

Au

n2u
n2s

ð1Þ

The quantum yield measurements for solutions were pre-

pared in DMF and [Ru(bpy)3](PF6)2 was used as the reference
(U = 9.5% in acetonitrile) (Swanick et al., 2012). The calcu-
lated values are in the range of 0.9–2.5% and are in agreement
with the reported values for ruthenium complexes containing

bipyridine ligands (Lee et al., 2003).

3.5. Electrochemical properties

The redox potentials of complexes are summarized in Table 6
and the cyclic voltammogram of complex I in DMF is given in
Fig. 3. The cyclic voltammogram of complexes I and II shows

three oxidation and three reduction peaks around 0.71, 1.04,
1.27 and �1.47, �1.79, �2.09 vs. Ag/Ag+, respectively. The
Figure 6 The molecular structure of complex
oxidation peaks are attributed to the amine moiety (NAH)
of the ligand, the Ru (II/III) and Ru (III/IV) couples (Lesh
et al., 2011; Smith and Masheder, 1976; Sahin et al., 2013;

Zourab et al., 2005) whereas the reduction peaks are assigned
to the reduction of carboxylic acid protons, carbonyl group
and the bipyridine, respectively (Klein et al., 2004;

Nazeeruddin et al., 2004). The redox potentials of complexes
containing two carbonyl groups, i.e. III, IV and V are slightly
shifted to anodic area when compared to the others which is

attributed to stronger acceptor properties of the carbonyl
III along with the atom numbering scheme.



Figure 8 The molecular structure of complex V along with the atom numbering scheme.
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groups of the complexes (Nazeeruddin et al., 2004). This
results in a decrease in the energy of the LUMO energy of

the ligand. The cyclic voltammogram of complexes III and V

shows an additional reduction peak at �0.30 eV, which is
attributed to the chloride ion in the second coordination

sphere of ruthenium complex. The chloride ion interacts with
Ag electrode surface and leads to the reduction of the chloride
(Arai et al., 1996). The HOMO and LUMO energy levels of

the complexes were calculated using the maximum of first oxi-
dation and reduction potentials (Sahin et al., 2013). Ferrocene
was used as an internal standard (0.65 V vs. Ag/Ag+). The cal-
culated HOMO and LUMO energy levels of the complexes are

in the range of �4.94 to �4.85 eV and �2.86 to �2.68 eV,
respectively. Consecutive cyclic behavior of the complexes
was also investigated in order to determine their electrochemi-

cal stability. No significant change in peak currents and poten-
tials of anodic and cathodic areas are observed (Fig. 3b).
Although the energy states and electrochemical stability of

the complexes are appropriate to be used as photosensitizers
in DSSCs, the limited solubility of them hinders their utiliza-
tion in this application area. Nevertheless, the HOMO and
LUMO energy levels and thermal stabilities of all of the com-

plexes show that they may find application in vacuum evapo-
rated organic photonic systems. The low lying HOMO
energy levels will allow hole injection from commonly used

hole transport layers, e.g. PEDOT:PSS whereas the LUMO
energy levels are appropriate to gain electron from metals with
high work function and widely used electron transport materi-

als, e.g. Ca, TPBi, BPhen, etc. (Oner et al., 2011, 2012; Saygili
et al., 2011, 2012).

3.6. Molecular modeling

In the absence of a crystal structure and to obtain the molecu-
lar conformation of the complexes, energy minimization
studies were carried out on the basis of the semi-empirical
PM3 level provided by HyperChem 7.5 software. The molecu-

lar structure of complexes along with the atom numbering
scheme is given in Figs. 4–8.

4. Conclusion

Here, we reported the synthesis, thermodynamic, spectroscopic
and electrochemical properties of new ruthenium(II) com-

plexes with some dinitrogen ligands. The complexes have been
proven to have an octahedral geometry in which the six
coordination sites are occupied by the ligands where DABA,

bipy and anthranilic acid as bidentate ligands, and the coordi-
nated thiocyanate as monodentate ligand. The absorption
spectrum of ruthenium complex IV shows redshift compared
with other complexes due to more ligand-field strengths of

the r-donating 2-aminobenzoate ligand. The calculated ener-
gies of the HOMO and LUMO are in the range of �4.94 to
�4.85 eV and �2.86 to �2.68 eV. The obtained results show

that there is an important effect of different dinitrogen ligands
on molecular modeling, spectroscopic and electrochemical
properties of the complexes.
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