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In this research, a series of Ru(Il) complexes, ([Ru(1-7)(ina)(NCS),] (1-7=5-[6-(5-mercapto-1,3,4-oxadiazol-2-yl)pyridin-
2-yl]-1,3,4-oxadiazole-2-thiol’s, ina=isonicotinic acid) were synthesized and characterized using different spectroscopic and
analytic techniques, such as NMR, UV, IR, CV and CHN. Also, the new complexes were used in dye-sensitized solar cells
(DSSC) as sensitizers. Current-voltage characteristics showed that the modifications of ligands clearly affected DSSC yield.
Additionally, DFT calculations were performed and showed locations of frontier molecular orbitals of the complexes. While
the locations of HOMO and HOMO - 1 orbitals are on Ru(II) metal center and SCN™ ligands, the location of LUMO and

LUMO + 1 orbitals are on the 1-7 ligands.
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1. Introduction

1,3,4-oxadiazole-2(3H)-thione skelaton com-
posed of easily synthesized organic groups is used
in many species showing anticancer [1], antimicro-
bial [2], antioxidant [3] activities. Additionally, this
group has a good potential for complaxation with
transition metals. For example, Gudasi et al. [4]
synthesized 5-[6-(5-mercapto-1,3,4-oxadiazol-
2-yl)pyridin-2-yl]-1,3,4-oxadiazole-2-thiol com-
pound and some of its transition metal complexes,
and investigated their biological activity.

Ruthenium as a transition metal has gained
a growing interest in the literature. Especially,
Ru(II) complexes have been used for many appli-
cations such as catalysis, medicinal chemistry, pho-
tovoltaics, etc. [5-20]. The success of these com-
plexes depends on ligand characteristics (electron
donation and steric hindrance) [21-26]. There is a
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lot of research about the advantages of the Ru(Il)
complexes including pyridyl type ligands in the
photovoltaic applications [27-34].

Dye-sensitized solar cells (DSSC) are the fo-
cus of interest because of their low cost and easy
production [35-37]. Until now, many organic and
inorganic dyes have been used as sensitizers [38—
42]. Most successful sensitizers include Ru(II)-
based complexes containing poly-pyridyl ligands.
The poly-pyridyl ligands in such Ru(II) complexes
were used as both ancillary and anchor ligands.
As anchor ligands, poly-pyridyl ligands frequently
contain —COOH group such as 2 2’-bipyridine-4
4’-dicarboxylic acid (dcby). On the other hand, for
the same purpose, the use of isonicotonic acid (ina)
which is a simple analog of dcby is very rare [43—
45]. Recently, we have shown that Ru(Il) com-
plexes containing ina ligand have good efficiency
as sensitizers [46]. As ancillary ligand, pyridine-
based ligands are broadly used in DSSC because
of simple preparation of their derivatives [36, 47].
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However, there is a request for the synthesis of
novel and efficient Ru(Il) complexes for DSSC
both in theoretical studies and industry.

In this work, new Ru(Il) complexes containing
5-[6-(5-mercapto-1,3,4-oxadiazol-2-yl)pyridin-
2-yl]-1,3,4-oxadiazole-2-thiol ~ ligands  were
synthesized and used as the sensitizers for DSSC.
The current-voltage characteristics of DSSCs were
monitored under different illumination conditions.

2. Experimental

All chemicals were obtained from commer-
cial suppliers and were used as purchased. Stan-
dard Schlenk technique was used for synthesis.
The 5,5 -(pyridine-2,6-diyl)di(1,3,4-oxadiazole-2-
thiol) (1) was synthesized in the literature [2] us-
ing:

General synthesis of 2-7

The S-alkylation products (2-7) of 5,5-
(pyridine-2,6-diyl)di(1,3,4-oxadiazole-2-thiol)
were prepared by modification of the literature
method [48]. The 1 (1.51 mmol) and KOH
(3.02 mmol) were stirred in acetone (10 mL)
for 2 h at 100 °C. After this time, appropriate
alkyl halide (3.00 mmol) was added and mixed
for another 24 h under reflux conditions. The
volatiles were removed under vacuum. The residue
was extracted with DCM/H,O and the organic
layer was dried with MgSO4. The product was
crystallized with methanol.
2,6-bis[5-(methylsulfanyl)-1,3,4-oxadiazol-2-
yllpyridine (2)

Yield: 51 %. '"H-NMR (400 MHz, DMSO-
d¢) & ppm 2.80 (s, 6 H, 2 x — CH3) 8.27 — 8.34
(m, 3 H, Py—-H). 3C-NMR (101 MHz, DMSO-
d¢) 6 ppm 18.59 (—-CH3); 124.87; 139.81; 143.06;
163.92; 166.41. FT-IR (cm™"): 3072 (vC—Harom),
3013 (vC—Harom), 2971 (vC—Hgipn.), 2929 (vC-
Haiiph.), 1591 (vC=N), 1580, 1547, 1505, 1463,
1452, 1441, 1366, 1314, 1229, 1205, 1161, 1102,
1073, 990, 977, 956, 898, 822, 778, 735, 701, 653,
595, 539, 528, 519, 429, 408.
2,6-bis[5-(ethylsulfanyl)-1,3,4-oxadiazol-2-
yllpyridine (3)

Yield: 27 %, m.p: oily product. "H-NMR (400
MHz, CDCI3) 6 ppm 1.54 (t, ] = 7.33 Hz, 6 H, 2

x—CH3)3.38(q,J =7.33 Hz,4 H, 2 x - CH,) 8.06
(t, J =779 Hz, 1 H, Py-H,) 8.33 (d, ] = 7.79 Hz,
2 H, 2 x Py-H,,). *C-NMR (101 MHz, DMSO-
d¢) 0 ppm 14.94 (-CHj3); 28.69 (-CH,); 125.32;
140.30; 143.52; 164.37; 166.86. FT-IR (cm™'):
3062 (vC—Harom), 2970 (VC—Hajipn.), 2931 (vC-
Haiph.), 2870, 1635 (vC=N), 1590, 1563, 1533,
1464, 1432, 1417, 1374, 1357, 1268, 1198, 1162,
1125, 1061, 999, 969, 957, 905, 837, 775, 758, 700,
646, 567, 494, 429.
2,6-bis[5-(decylsulfanyl)-1,3,4-oxadiazol-2-
yllpyridine (4)

Yield: 63 %, m.p: 75-77. "H-NMR (400 MHz,
DMSO-dg) & ppm 0.72 — 0.85 (m, 6 H, 2 x —
CH3) 1.09 — 1.43 (m, 28 H, decyl-CHj-) 1.51
— 1.85 (m, 4 H, decyl-CHy-) 4.00 — 4.34 (m,
4 H, decyl-CH,-) 8.16 — 8.33 (m, 3 H, Py-
H). C-NMR (101 MHz, DMSO-d¢) & ppm
14.46 (-CH3), 22.61 (-CH>), 26.00 (-CH,), 28.32
(-CHp), 29.40 (-CH;), 31.80 (-CH,), 32.66
(-CHy), 34.66 (—CH,), 125.70, 140.56, 145.12,
161.01, 164.91. FT-IR (cm™"): 3082 (vC—Harom),
2953 (vC—Huiiph.), 2917 (vC—Haipn.), 2849, 1644
(vC=N), 1591, 1548, 1470, 1456, 1422, 1355,
1256, 1202, 1187, 1164, 1104, 1073, 1019, 975,
828, 778, 740, 721, 706, 653.
2,6-bis[5-(benzylsulfanyl)-1,3,4-oxadiazol-2-
yllpyridine (5)

Yield: 56 %. 'H NMR (400 MHz, DMSO-
d¢) & ppm 4.60 (s., 4 H, Bezyl-CH;) 7.28 —
7.51 (m, 10 H, Arom.-CH) 8.15 - 8.29 (m., 3
H, Py-H). 3C NMR (100 MHz, DMSO-ds) &
ppm 36.42 (Bezyl-CH,), 125.32, 128.26, 129.03,
129.60, 136.79, 140.24, 143.42, 164.42, 165.49.
FT-IR (cm™!): 3274, 3085 (vC—Harom), 3060 (vC—
Harom), 3028 (vVC—Hgrom), 2933 (VC—Hajiph.), 1637
(vC=N), 1592, 1494, 1464, 1452, 1239, 1199,
1158, 1101, 1070, 1027, 998, 916, 839, 819, 763,
735, 694, 650, 565, 471, 458, 425.
2,6-bis[5-(2,3,5,6-tetramethylphenylsulfanyl)-
1,3,4-oxadiazol-2-yl]pyridine (6)

Yield: 56 %. '"H NMR (400 MHz, CDCls)
S ppm 2.18 — 2.42 (m, 24 H, 8 x-CHj3) 4.73
(d, J = 2.29 Hz, 4 H, Bezyl-CH;) 6.97 (s, 2
H, Arom.-CH) 8.09 (t, J] = 8.01 Hz, 1 H, Py-
H,) 838 (d, ] = 7.79 Hz, 2 H, Py-Hy). °C
NMR (101 MHz, DMSO-dg) & ppm 15.51 (-CH3),



452

OSMAN DAYAN et al.

20.45 (-CHj3), 42.06 (Bezyl-CHj), 130.02, 131.55,
133.38, 133.38, 133.79, 134.11, 134.29, 14391,
164.05, 166.92. FT-IR (cm™'): 3085 (VC—Harom),
3020 (vC—Hgrom), 3004(vC—Hgyrom) , 2964 (vC—
Haiiph.), 2941 (VC—Hgjipn.), 2919 (vC—Hajipn.), 1613
(vC=N), 1591, 1579, 1462, 1418, 1395, 1384,
1309, 1259, 1220, 1202, 1158, 1124, 1097, 1068,
1013, 995, 960, 896, 867, 837, 792, 749, 703, 675,
618, 601, 529, 460, 421.
2,6-bis[5-(pentafluorophenylsulfanyl)-1,3,4-
oxadiazol-2-yl]pyridine (7)

Yield: 68 %. '"H NMR (400 MHz, CDCI3)
O ppm 4.64 (s, 4 H, Bezyl-CH;) 8.11 (t, J] =
7.719 Hz, 1 H, Py-H,) 837 (d, ] = 7.79 Hz, 2
H, Py-H,,). >*C NMR (101 MHz, DMSO-dg) &
ppm 24.50 (Bezyl-CH,), 111.57, 125.68, 136.26,
138.74, 140.46, 143.43, 146.65, 164.14, 164.92.
FT-IR (cm™1): 3277, 300 7(vC—Harom), 2934 (vC—
Haiiph.), 2857, 1656 (vC=N), 1592, 1578, 1520,
1504, 1472, 1441, 1313, 1290, 1255, 1207, 1190,
1164, 1125, 1080, 1038, 988, 964, 876, 826, 776,
734,701, 645, 619, 560, 456.

General synthesis of C1-7

The 1-7 (0.326 mmol), [RuCl,(p—cymene)],
(0.163 mmol), isonicotinic acid (0.326 mmol) and
NH4SCN (1.304 mmol) were stirred in DMF (10
mL) at 110 °C for 24 h. After of this time, the prod-
uct was precipitated with diethyl ether. The residue
was filtered and washed with pure water, ethanol
and diethyl ether.

C1

Yield: 86 %, m.p > 280 °C. 'H-NMR (400
MHz, DMSO-dg) 6 ppm 7.82 (d, J=5.95 Hz, 2
H, ina-CH) 8.17 — 8.28 (m, 3 H, Py-H) 8.78
(d, J = 5.95 Hz, 2 H, ina-CH). >*C-NMR (101
MHz, DMSO-dg) & ppm 123.41; 142.84; 147.66;
150.70; 150.95; 159.37; 166.61; 177.04; 178.47.
FT-IR (cm™'): 3440 (vO-H), 3182, 3056 (vC-
Harom), 2926, 2872, 2102 (vCN), 1720 (vC=0),
1679, 1610 (vC=N), 1503, 1407, 1365, 1284,
1197, 1160, 1122, 1075, 1057, 1029, 1005, 991,
934, 863, 815, 803, 784, 770, 734, 687, 656,
633, 590, 566, 521, 471, 435, 417. Anal. Calc.
for C17HoNgO4RuS4.5H,0 [709.72]: C, 28.8; H,
2.8; N, 15.8; found: C, 28.7; H, 2.7; N, 15.0 %.
Positive ESI-MS (m/z): 620.3 (619.9) [M]*

C2

Yield: 48 %, m.p > 280 °C. 'H-NMR (400
MHz, DMSO-dg) & ppm 2.49 (s, 6 H, 2 x — CH3)
7.72 (d, ] = 5.95 Hz, 1 H, ina-CH) 8.05 (d, J
= 5.50 Hz, 2 H, Py-Hy,) 8.11 (m, 1 H, Py-H,)
8.32 (d, ] = 595 Hz, 1 H, ina-CH) 8.77 — 8.89
(m, 2 H, ina-CH). 3C-NMR (101 MHz, DMSO-
de) & ppm 34.71 (—CHj3); 122.80; 123.76; 130.28;
131.46; 133.28; 140.05; 156.44; 156.44; 156.93;
166.91. FT-IR (cm™!'): 3374 (vO-H), 3004 (vC-
Harom), 2963 (VC—Hajiph.), 2926 (VC—Hgjiph.), 2099
(vCN), 1956, 1712 (vC=0), 1605 (vC=N), 1575,
1540, 1464, 1415, 1373, 1322, 1253, 1202, 1131,
1092, 1078, 1052, 1019, 950, 886, 859, 841, 782,
772, 753, 696, 662, 611, 514, 418. Anal. Calc. for
C19H14N804RHS4.5H20 [737.77]2 C, 30.9; H, 3.3;
N, 15.2; found: C, 31.1; H, 3.6; N, 15.3 %. Positive
ESI-MS (m/z): 647.9 (647.8) [M]"
C3

Yield: % 69, m.p > 280 °C. "TH-NMR (400
MHz, DMSO-dg) & ppm 1.09 — 1.43 (m, 6H, 2 x
— CHj) 4.14 — 451 (m, 4 H, 2 x — CHp) 7.63 —
7.72 (m, 1 H, ina-CH) 7.87 — 7.98 (m, 2 H, Py-Hy,)
8.07 - 8.16 (m, 2 H, Py-H, + ina-CH) 8.65 — 8.84
(m, 2 H, ina-CH). '*C-NMR (101 MHz, DMSO-
de) O ppm 34.68 (-CH3); 42.87 (-CHy); 123.32;
124.68; 130.15; 133.58; 139.70; 149.54; 151.06;
156.18; 165.86. FT-IR (cm™'):3397 (vO-H), 3073
(vC—Harom), 2924 (vC—Hajiph.), 2101 (vCN), 1681
(vC=0), 1604 (vC=N), 1575, 1498, 1466, 1416,
1378, 1261, 1222, 1205, 1136, 1093, 1076, 1051,
1020, 1000, 951, 906, 868, 843, 785, 771, 752,
724, 684, 644, 613, 513, 461. Anal. Calc. for
C,1HgNgO4RuS4.DMF [895.03]: C, 38.5; H, 3.4;
N, 16.8; found: C, 38.4; H, 3.6; N, 16.9 %. Positive
ESI-MS (m/z): 675.9 (675.6) [M]*
C4

Yield: 32 %, m.p:196 °C (dec.). "H-NMR (400
MHz, DMSO-d¢) & ppm 0.99 — 1.24 (m, 38 H,
decyl-CH) 4.31 (t, ] = 4.81 Hz, 4 H, decyl-CH,-
) 7.55 — 7.76 (m, 2 H, ina-CH) 8.04 — 8.15 (m,
2 H, Py-H,,) 8.48 (t, ] = 8.24 Hz, 1 H, Py-H,)
8.72 — 8.77 (m, 2 H, ina-CH). 3C-NMR (101
MHz, DMSO-dg) & ppm 14.18 (-CH3); 16.05 (-
CH;); 22.74 (-CH3); 24.01 (—CH3); 24.95 (—CH,);
25.97 (-CH,); 29.72 (—CH>); 31.99 (—CH>); 34.18
(-=CHy); 109.72; 125.05; 136.42; 138.89; 139.92;
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143.76; 146.69; 157.59; 164.71. FT-IR (cm™'):
2971 (vC—Hajiph.), 2923 (vC—Haiipn.), 2852, 2104
(vCN), 1737 (vC=0), 1599 (vC=N), 1543, 1506,
1486, 1462, 1437, 1416, 1371, 1325, 1229, 1217,
1205, 1091, 1048, 1008, 985, 851, 800, 771,
746, 697, 679, 635, 514, 440. Anal. Calc. for
C37H50NgO4RuS4.5H,0 [990.25]: C, 44.9; H, 6.1;
N, 11.3; found: C, 44.9; H, 6.4; N, 10.7 %. Positive
ESI-MS (m/z): 899.8 (900.2) [M]"
C5

Yield: 51 %, m.p: 236 °C (dec). "H-NMR (400
MHz, DMSO-dg) & ppm 4.57 (s, 4H, Bezyl-CH»),
7.20 — 7.36 (m, 8 H, Arom.-CH) 7.47 (t, ] = 6.64
Hz, 2 H, Arom.-CH) 7.53 — 7.60 (m, 2 H, ina-CH)
7.64-7.71 (m, 1 H, Py-H;,) 7.76 (d, ] =5.95 Hz, 2
H, ina-CH) 7.87 (d, ] = 6.87 Hz, 2 H, Py-Hy,) 8.72
(d, J =5.95 Hz, 1 H, ina-CH) 9.96 (s, 1 H, —OH).
FT-IR (cm™!): 3375 (vO-H), 3052 (vC—Hgyrom),
2989 (vC—Haiph.), 2922 (vC—Hajipn.), 2093 (VCN),
1717 (vC=0), 1651, 1602 (vC=N), 1542, 1494,
1465, 1446, 1412, 1367, 1250, 1228, 1178, 1150,
1128, 1090, 1067, 1056, 1025, 1006, 987, 966,
919, 861, 805, 768, 748, 698, 662, 565, 474, 441,
420, 407. Anal. Calc. for C31H22N804RUS4.3H20
[853.93]: C, 43.6; H, 3.3; N, 13.1; found: C, 43.9;
H, 3.1; N, 13.1 %. Positive ESI-MS (m/z): 798.7
(799.0) [M-H] "
Cé

Yield: 94 %, m.p > 280 °C. FT-IR (cm™!): 3025
(vC~Harom), 2989 (vC—Haiph.), 2972 (vC~Haiiph.),
2902 (vC—Hgjiph.), 2099 (vCN), 1716 (vC=0),
1648, 1604 (vC=N), 1578, 1539, 1472, 1450,
1409, 1390, 1382, 1205, 1150, 1079, 1057, 1007,
965, 865, 810, 770, 748, 697, 638, 625, 554, 502.
Anal. Calc. for C39H34NgO4RuS4.3H,0 [966.15]:
C, 48.5; H, 4.6; N, 11.6; found: C, 48.5; H, 4.6;
N, 11.6 %. Positive ESI-MS (m/z): found (calc.)
910.8 (911.1) [M-H]™
Cc7

Yield: 78 %, m.p > 280 °C. H-NMR (400
MHz, DMSO-dg) & ppm 4.30 (s, 4 H, Bezyl-CH))
6.98 — 7.10 (m, 2 H, Py-Hy,) 7.77 (d, J = 5.95
Hz, 1 H, ina-CH) 7.81 (d, J] = 6.87 Hz, 1 H, ina-
CH) 8.10 — 8.15 (m, 1 H, Py-H,) 851 (d, J =
6.41 Hz, 1 H, ina-CH) 8.73 (m, 1 H, ina-CH). FT-
IR (cm™!): 3346 (vO-H), 2989 (vC—Hajiph.), 2972
(vC—Hajiph.), 2101 (vCN), 1717 (vC=0), 1649,

1609 (vC=N), 1580, 1556, 1520, 1504, 1464,
1417, 1376, 1326, 1252, 1207, 1153, 1124, 1058,
1018, 982, 963, 860, 803, 770, 698, 673, 556,
504. Anal. Calc. for C31H12F10N804RUS4.6H20
[1087.88]: C, 34.2; H, 2.2; N, 10.3; found: C, 34.1;
H, 2.2; N, 10.2 %. Positive ESI-MS (m/z): found
(calc.) 979.8 (979.9) [M] !

3. Results and discussion

5,5 -(pyridine-2,6-diyl)di(1,3,4-oxadiazole-
2-thiol) (1) was synthesized in the reaction of
pyridine-2,6-dicarbohydrazide and carbon disul-
fide in basic media with good yield. Then, the
S-alkylations of the 1 were achieved in acetone
with alkyl halide and KOH. The Ru(Il) complexes
(C1-7) were obtained from the one-pot reaction of
compound 1-7, [RuCl,(p-cymene)],, as the metal
precursor which is easily handleable and gives
facile substitution reactions, isonicotinic acid and
NH4SCN in DMF with good yield. The reaction
scheme is given in Fig. 1. The ligands (1-7) are
soluble in many organic solvents (CH,Cl,, MeOH,
DMEF, DMSO, aceton, etc.) but the solubility of
its Ru(Il) complexes (C1-7) is poor even in polar
solvents.

112 [RuCl,(p-cymene)],
isonicotinic acid
NH,SCN
o
S_o Ao s
W vm
R CH,(@) N-N ., —N-N
“CH,CH, (3) AT N
-CH,(CH,),CH, (4) s \N\ s
CH,(CeHy (5) r

-CH,(C,H(2,3,5.6-Me,) (6)
-CHy(CeF) (T)

Fig. 1. Syntheses and NMR assignment of the studied
compounds.

Synthesized compounds were characterized
with CHN analyses and NMR, FT-IR, UV-Vis
spectroscopic techniques. The satisfactory results
of CHN analyses of the complexes using a LECO-
CHNS-932 instrument were achieved. NMR spec-
tra of the compounds were recorded at 297 K on
a Jeol INM-ECX400II. The —H; > protons of the
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1 were monitored between 8.13 ppm to 8.28 ppm
as multiplet in "H-NMR spectra. After complex-
ation, the same protons slightly shifted towards
8.17 ppm to 8.23 ppm region as multiplets for C1.
The —Hy y protons of the C1 appeared at 8.78 ppm
and 7.82 ppm as dublets, respectively. In 'H-
NMR spectra of the alkylation products of 1, the —
Hi > protons similarly appared around 8.06 ppm to
8.38 ppm region. For its Ru(Il) complexes (C2-7),
the —H; > protons slightly shifted towards upfield
region. The 'H-NMR spectra of C6 and '3*C-NMR
spectra of C5 and C7 have not been monitored due
to their low solubility.

The FT-IR spectra recorded with a PerkinElmer
FT-IR system are informative, especially for the
complexes (C1-7). For N-bonded thiocyanate com-
plexes (C1-7), vcn bands were generally observed
around 2093 cm~! to 2104 cm~! region as a
strong peak. Additionally, the broad peaks around
3100 cm~! to 3300 cm ™! at FT-IR spectra of the
complexes showed that the complexes have a hy-
groscopic nature. Detailed assignments for NMR
and FT-IR were made in the experimental part.

The absorbtion spectra of C1-7 in DMF are
given Fig. 2a and Table 1. The smaller band or
shoulder at around 450 nm results from metal-to-
ligand charge transfer (MLCT, [Ru(dm) — 7t*])
bands, while the intra-ligand 7t — 7t* transitions oc-
cur under 400 nm. It is clearly seen that the alkylic
modifications in the 1 cause a slight blue-shift at the
maxima of MLCT bands. Additionally, the com-
plexes generally have the highest molar extinction
coefficient. The optical band gap, obtained from the
absorption spectra taken from the literature [49],
ranges between 1.81 eV and 2.08 eV.

The electrochemical properties of C1-7 were
investigated with cyclic voltammetry using Fc/Fc™
redox couple as a reference (Fig. 2b). The voltam-
mograms of all Ru(Il) complexes can be classi-
fied as an irreversible oxidation process. The ox-
idation potentials of the sensitizers are very simi-
lar except for C1. The energy levels of frontier or-
bitals were calculated from Egomo = —Eox + (-
48) for HOMO and from ELUMO = EHOMO + Ebg
for LUMO [50, 51]. The results are given in Ta-
ble 1. As a result, LUMO energy levels of all com-

Eom
= W W

|98
W W

Molar extinction coefcient
[10* M-'em]
o —_ [\
> N = [\) h

Current (nA)

Potential [V vs. F¢/Fc™]

Fig. 2. (a) Absorption spectra of C1-7 complexes ob-
tained using Thermo Scientific Evolution 201
System. The concentration of all complexes was
1 x 107> M in DMF. (b) Cyclic voltammograms
of C1-7 complexes studied in DMF solution (1
x 1073 M) at a scan rate of 100 m-V-s~!.

plexes (C1-7) are appropriate for electron injection
to the TiO, conduction band (Fig. 3) [52, 53].

The DSSC devices using C1-7 were prepared
using Solaronix 74992 kit. The photoanode was
dipped into the C1-7 solution in DMSO (1 mM)
for 24 h at room temperature in the dark. Then,
the sandwich-type cells were prepared by assem-
bling with sensitizers coated photoanode and Pt-
coated counter electrode. The ANS5O0 electrolyte so-
lution was injected into the pre-drilled hole and
sealed using a sealant. The photovoltaic paramaters
of DSSCs were monitored using a MTI-BST8-
STAT-EIS-LD potentiostat/galvanostat and Abet
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Table 1. Optical and electrochemical properties of C1-7.

Compound Mnm [2/10* M~ !.cm™!] Ep, [eV] EP om0 [€V] Efumo [eV]
Cl 475 (L0 Ry(an) s 335 (279 s 1.99 -5.06 3.07
C2 442 (1.2D)[Ru(d7r)—s7es] 269 (2.20) 7 70 2.04 -5.18 -3.14
C3 442 (1.14)[Ru(d7t)—s 7] 270 (5.00) 72— 7es 2.08 -5.17 -3.09
C4 432 (0.94) [Ru(dr) x> 275 (2.95) ey s 1.81 -5.17 -3.36
C5 461 (1LODRy(n) s 279 (3.05) s 1.85 -5.17 332
C6 443 (LD Ru(dr)sree)i 271 (2.98) e 2.00 5.18 3.18
Cc7 462 (1.05)[Ru(dr)s7es]3 272 (46D e 1.97 -5.21 -3.24

“Epg (V) = 1240/Aonser [49].

Energy [eV]
1
1

Fig. 3. HOMO (-) and LUMO (-) energy levels of the
sensitizers together with TiO; and I"/I5 levels.

10500 solar simulator at AM 1.5 condition. The
intensity of incoming light was calibrated using a
solar-power meter.

The J-V curves of DSSCs prepared with C1-7
are demonstrated in Fig. 4 under 100 mW-cm 2 il-
lumination. Additionally, the photovoltaic perfor-
mance of C1-7 under various light intensities are
given in Table 2.

The results show that all the compounds are
photoactive and may be used as sensitizers in
DSSC. Additionally, increasing light intensity gen-
erally increases power conversion efficiency of
DSSCs (Table 2). The power conversion efficien-
cies of DSSCs prepared with C1-7 decrease in the
following order: C7 > C3 > C2 > C4 > C6 > C1
under 100 mW-cm~?2 illumination. But significant
efficiencies were obtained from C7, C3, and C2, re-
spectively.

The optimized molecular structures and calcu-
lated molecular orbitals of C1-7 with energy lev-
els under vacuum conditions are demonstrated in
Fig. 5.

0.0 0.2 0.4 0.6
Potential [V]

Fig. 4. J-V curves of DSSCs prepared with C1-7.

In C1-7 complexes, in spite of the fact that
LUMO and LUMO+1Is are located at the 1-7 lig-
ands, HOMOs and HOMO-1s are largely located
at the NCS™ ligands and metal centers. Recently,
we have shown that the location of LUMO at
anchor ligands directly affects the photoelectron
transmission to the TiO, conduction band [46].
This phenomenon may be responsible for the mod-
erate activity of C1-7 as sensitizers in DSSC.

The Gauss-View graphical user interface [53]
and Gaussian 03 software package [54] were
used for the quantum chemical calculations with
the density functional theory. The Becke’s three-
parameter (B3) nonlocal exchange functional [55]
combined with the Lee, Yang, and Parr (LYP)
correlation functional [56], denoted as B3LYP,
was employed. Ruthenium atom has been rep-
resented by the widely used quasi-relativistic
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Table 2. Photovoltaic performances of novel sensitizers under various light intensities.

100 mW/cm? 80 mW/cm?

Jse Voc FF n Jse Voc FF n Jsc Voc

60 mW/cm?

40 mW/cm? 20 mW/cm?

FF n Jse Voc FF n Jse Voc FF n

Cl 0159 0.300 0404 0019 0.112 0.240 0454 0.015 0.073 0.240

C2  1.624 0.520 0.573 0484 1.076 0.480 0.577 0372 0.598 0.440

C3 1.584 0.540 0.619 0529 1.074 0500 0.629 0422 0.615 0.460

C4 0389 0.340 0496 0.066 0.289 0.320 0.492 0.057 0.172 0.280

C5 0105 0.220 0471 0.011 0.086 0.180 0.495 0.009 0.067 0.180

C6 0249 0.200 0460 0.023 0.183 0.180 0478 0.020 0.116 0.160

C7 2484 0.520 0.585 0.756 1.637 0.540 0.538 0.595 0.966 0.520

0.380 0.011 0.05 0.200 0.450 0.011 0.034 0.180 0.362 0.011

0.571 0251 .0265 0.380 0.552 0.139 0.084 0.300 0.446 0.056

0.609 0.287 0.286 0.420 0.587 0.176 0.099 0360 0.597 0.106

0.475 0.038 0.093 0240 0.506 0.028 0.037 0220 0.659 0.027

0.394  0.008 0.047 0.160 0499 0.009 0.042 0.160 0479 0.016

0.532 0.016 0.076 0.160 0416 0.013 0.040 0.140 0450 0.013

0.507 0424 0440 0480 0440 0232 0.133 0360 0417 0.100

Voc 1S open circuit voltage, Jy is short circuit current,

FF (fill factor) = (Jmax. Vimax.)/Jsc Voc), N (power conversion

efficiency of DSSC) = (Vo JscFF)/(PoA), where Py is the applied illumination intensity and A is photoactive area.

: / A / A I.,;. / & & IET
1, 5 ¥ LIS O 4% U JF
| W W A N

Fig. 5. Optimal molecular structure and isodensity sur-
face plots of HOMOs and LUMOs with enery
levels for C1-7 complexes.

LANL2DZ basis set (Los Alamos effective core
pseudo-potential plus double-C) [57-59], while 6-
311G(d,p) basis set [60, 61] has been assigned to
the remaining atoms.

4. Conclusions

In this work, we synthesized new Ru(Il)
complexes (C1-7), containing tridentate 5-[6-
(5-mercapto-1,3,4-oxadiazol-2-yl)pyridin-2-yl]-
1,3,4-oxadiazole-2-thiol’s as ancillary ligands and
isonicotonic acid as anchor ligands. The photo-
voltaic parameters of DSSC prepared with the
complexes show that the modification of ligands
clearly affects DSSC yield. The DSSC using the

C7 complex bearing pentafluorobenzyl groups has
a highest power conversion efficiency of 0.76 %.
An appropriate optimization may increase power
conversion efficiency.
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