
Journal of Molecular Structure 1266 (2022) 133512 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

Synthesis and characterization of a series of cobalt complexes: 

Investigation of their efficacy as sensitizers in dye-sensitized solar cell 

applications 

Vindhya Hegde 

a , C.O. Sreekala 

a , ∗, Naveen V. Kulkarni b , ∗, 
Dineshchakravarthy Senthurpandi c , Jomon Mathew 

d , ∗

a Department of Physics, Amrita Vishwa Vidyapeetham, Amritapuri 690525 Kerala, India 
b Department of Chemistry, Amrita Vishwa Vidyapeetham, Amritapuri 690525 Kerala, India 
c Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore 560012 Karnataka, India 
d Research and Post-graduate Department of Chemistry, St. Joseph’s College, Devagiri 673008 Kerala, India 

a r t i c l e i n f o 

Article history: 

Received 14 March 2022 

Revised 24 May 2022 

Accepted 11 June 2022 

Available online 12 June 2022 

Key words: 

Cobalt-complexes 

Dye-sensitized solar cell 

DFT studies 

HOMO-LUMO 

Power conversion efficiency 

Molecular structure 

a b s t r a c t 

A series of cobalt(II) complexes possessing diverse structural and electronic properties were prepared 

by using varieties of ligand systems. All the complexes were thoroughly characterized by spectral and 

analytical and techniques including X-ray crystallography and the molecular structures were optimized 

by DFT studies (M06 & B3LYP methods). The theoretical HOMO-LUMO energy gaps were compared with 

the optical band gap energies calculated using Tauc plot. Utility of the prepared cobalt (II/III) complexes 

as sensitizers in the dye-sensitized solar cell was investigated. I–V parameters of the fabricated solar 

cells were noted and compared with the cell made using standard N719 dye. Among the twenty-one 

complexes investigated, complex C4 , comprising of bis(pyrazolyl)methane ligands exhibited highest power 

conversion efficiency. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Performance of a dye-sensitized solar cell mainly depends on 

he structural and functional features of the dye-molecule, espe- 

ially on the absorption spectrum, stability, molecular orbital en- 

rgy levels as well as its anchoring or docking ability towards the 

urface of semiconductor [1–8] . Ruthenium-based dyes are found 

o be highly successful in DSSC applications owing to their broad 

and of absorption in visible range and very efficient metal-to- 

igand charge transfer properties [9–12] . However, the complicated 

rotocols involved in the construction of these dyes, as well as 

he economic and environmental challenges they pose, makes the 

uest of development of alternative metallo-dyes highly desirable 

13–18] . In this context, we see a burgeoning interest in the devel- 

pment of environment friendly and cost-effective first row tran- 

ition metal-based complex-dyes for the sensitizing applications, 

ith zinc [19–24] , copper [25–28] and iron-based [29–34] systems 

eading the league. On the other hand, cobalt-based complexes are 
∗ Corresponding authors. 
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022-2860/© 2022 Elsevier B.V. All rights reserved. 
xtensively exploited as redox mediators/electrolytes in the DSSC 

pplications and in effect considered as the best alternatives for 

he conventional iodine-based electrolytes [35–39] , however, their 

tility as sensitizers is surprisingly underexplored [ 40 , 41 ]. Consid- 

ring the tremendous success of the cobalt-based complexes in the 

everal important catalytic reactions, which were believed to be 

ccessible only with the expensive, rare earth metal complexes, it 

s evident that with the help of the suitable ligand edifice, it is 

ossible to build the cobalt-based systems with the desired func- 

ional and electronic properties [42–48] . We would like to extend 

he same strategy for the development of highly efficient ‘cobalt- 

ased dyes’ for the DSSC applications. Here in this work, varieties 

f simple cobalt complexes with unique molecular and electronic 

tructures were prepared using diverse classes of the ligand sys- 

ems and their efficacy as sensitizer in the solar cell applications 

as investigated. From the corroborative experimental and theo- 

etical studies, a cobalt-based system with potential sensitizing ap- 

lications in DSSC was identified. 

https://doi.org/10.1016/j.molstruc.2022.133512
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133512&domain=pdf
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. Experimental 

.1. Materials and instrumentation 

All the chemicals used in this work, organic and metal pre- 

ursors as well as the solvents were purchased from various 

ommercial sources, Merck, Nice Chemicals, Spectrochem and 

hermo Fisher Scientific and were used after the essential purifi- 

ation/drying procedures. The ligands, 2,2 ′ -bipyridine ( L1 ), 1,10- 

henanthroline ( L2 ), di(pyridin-2-yl)methanone ( L8H ), thiocarbo- 

ydrazide ( L18H 2 ) and diphenyl thiocarbazide ( L19H 2 ) as well as 

he complex, cobalt(II) phthalocyanine ( C21 ) were purchased from 

erck or Thermo Fisher Scientific. Fluorine doped tin oxide (FTO) 

lass plates (with surface resistivity ∼15 �/cm 

2 ) and titania paste 

transparent) were obtained from Sigma Aldrich. A ELICO 

–CM-82 

onductivity bridge was used for the molar conductivity measure- 

ents. IR spectra were recorded on a Perkin Elmer Spectrum two 

T-IR instrument and UV–Visible spectral analysis was done us- 

ng a Perkin Elmer LAMDA 25 instrument. NMR spectral analy- 

is was done on a Bruker Avance NEO 500 MHz NMR spectrom- 

ter at room temperature. The magnetic susceptibility values of 

he complexes in solid state were measured using a Faraday bal- 

nce at 25 °C, using Hg[Co(SCN) 4 ] as a standard for calibration. 

yclic voltammetry studies were carried out using a CHI 610E elec- 

rochemical workstation (CH Instruments, USA). All the prepared 

ompounds were analyzed for carbon, hydrogen and nitrogen by 

hermo Scientific Flash 20 0 0 Organic Elemental Analyzer. Quan- 

itative analysis of cobalt and chloride content of the complexes 

as done by following the established protocols [49] . Single crystal 

-ray study was done using Bruker APEX-II Kappa machine. Sur- 

ace analysis of the fabricated solar cell unit was carried out us- 

ng a FEI Quanta FEG 200 - High Resolution Scanning Electron Mi- 

roscope and Thermo Scientific - Nicolet iS50 Raman Spectropho- 

omenter. Kiteley 2420-A source meter and Newport solar simu- 

ator were used for the measurement of I-V characteristics and 

he illumination intensity was measured using a Lutron LX-101 

ux meter. 

.2. Synthesis of ligands 

Ligands, bis(3,5-dimethyl-1 H -pyrazol-1-yl)methane ( L3 ) [ 50 , 51 ] 

is(1H-pyrazol-1-yl)methane ( L4 ) [50] , N,N’-di(pyridin-2-yl)- 

ormimidamide ( L5H ) [52] , 2,2 ′ -(pentane-2,4-diylidene)bis- 

hydrazine-1-carboxamide) ( L6H 2 ) [53] , Diphenylcarbazide 

 L7H 2 ) [54] , 1,3-bis(2-pyridylimino)isoindoline ( L9H ) [55] , 

,N 

′ -bis(salicylidene) −1,2-phenylenediamine ( L10H 2 ) [ 56 , 57 ], 

,N’-bis(salicylidene)ethylenediamine ( L11H 2 ) [58] , N,N’-bis(5- 

ydroxysalicylidene)ethylenediamine ( L12H 2 ) [ 59 , 60 ], salicylal- 

oxime ( L13H 2 ) [61] , salicylideneaniline ( L14H ) [62] , salicylalde- 

yde hydrazone ( L15H ) [63] , salicylaldehyde azine ( L16H 2 ) [64] ,

’-(salicylidene)hydrazinecarbothiohydrazide ( L17H 2 ) [65] and 1, 

- bis(acetophenone) thiocarbohydrazone ( L20H 2 ) [ 66 , 67 ] were 

repared by following the procedures reported in literature and 

uly characterized by spectro-analytical methods. 

Bis(3,5-dimethyl-1 H -pyrazol-1-yl)methane (L3): 

Colorless crystalline solid; Yield 92%; M.P. 104–106 °C; IR (KBr, 

elected, cm 

−1 ) 2981 (w), 2925 (w), 1557 (s), 1463 (s), 1419 (s), 

365 (s), 1267 (s), 1139 (m), 1035 (m), 970 (m), 812 (s), 776 (s), 

11 (m), 673 (s); UV–Vis (MeOH, 10 −3 M) ( λmax in nm (log ε in 

m 

3 mol −1 cm 

−1 )) 226 (3.49), 255 (3.41); 1 H NMR (CDCl 3 , 500 MHz,

98 K, ppm) δ 6.05 (s, 2H, C H pz), 5.77 (s, 2H, -C H 2 -), 2.41 (s, 3H,

 H 3 pz), 2.18 (s, 3H, C H 3 pz); 13 C{ 1 H} NMR (CDCl 3 , 125 MHz, 298 K,

pm) δ 148.7 (s, 3- C CH 3pz ), 141.1 (s, 5- C CH 3pz ), 107.0 (s, 4- C H pz ),

0.8 (s, pz- C H 2 -pz), 14.1 (s, 3-C C H 3pz ), 11.6 (s, 5-C C H 3pz ); Elemental

nalysis for C 11 H 16 N 4, Calcd (found) C 64.68 (64.32), H 7.90 (8.02), 

 27.43 (27.75)%. 
2 
Bis(1H-pyrazol-1-yl)methane (L4): 

Colorless crystalline solid; Yield 90%; M.P. 107–108 o C; IR (KBr, 

elected, cm 

−1 ) 3130 (m), 3108 (m), 1513 (s), 1434 (s), 1391 (s), 

375 (s), 1322 (w), 1272 (s), 1206 (s), 1094 (s), 1052 (s), 975 (w), 

51 (s), 881 (m), 783 (s), 765 (s), 720 (s), 655 (s); UV–Vis (MeOH, 

0 −3 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 217 (3.23), 

35 (3.47); 1 H NMR (CDCl 3 , 500 MHz, 298 K, ppm) δ 7.62 (2H, 

 ( J = 5 Hz), 5-C H pz ), 7.52 (2H, d ( J = 5 Hz), 3-C H pz ), 6.27 (2H, s,

 H 2 ), 6.26 (2H, t ( J = 5 Hz), 4-C H pz ); 
13 C{ 1 H} (CDCl 3 , 125 MHz,

98 K, ppm) δ 139.7 (s, 3- C H pz ), 128.6 (s, 5- C H pz ), 106.0 (s, 4-

 H pz ), 64.0 (s, C H 2 ); Elemental Analysis for C 7 H 8 N 4 Calcd (found)

 56.74 (57.02), H 5.44 (5.28), N 37.81 (38.22)%. 

N,N’-di(pyridin-2-yl)formimidamide (L5H): 

Colorless crystalline solid; Yield 80%; IR (KBr, selected, cm 

−1 ) 

412 (m), 2906 (m), 1672 (s), 1631 (s), 1584 (s), 1486 (m), 14 4 4(w),

382 (m), 1346 (s), 1250 (w), 1167 (m), 996 (w), 770 (s), 726 (w), 

26 (m); UV–Vis (MeOH, 10 −3 M) ( λmax in nm (log ε in dm 

3 

ol −1 cm 

−1 )) 223 (3.46), 291 (3.28); 1 H NMR (CDCl 3 , 500 MHz, 

98 K, ppm) δ 9.52 (1H, s, N H ), 8.51 (2H, d ( J = 10 Hz), m-C H py )

.31 (1H, s, NC H N), 7.62 (2H, t ( J = 10 Hz), p-C H py ), 7.24 (2H, d

 J = 10 Hz), o-C H py ), 6.95 (1H, t ( J = 10 Hz), m-C H py ); 
13 C{ 1 H} NMR

CDCl 3 , 125 MHz, 298 K, ppm) δ 150.8 (s, N C N), 147.6 (s), 145.1

s), 121.8 (s), 117.7 (s), 109.7 (s) (Aromatic); Elemental Analysis 

or C 11 H 10 N 4 Calcd (found) C 6 6.65 (6 6.42), H 5.09 (5.16), N 28.26

28.48)% 

2,2 ′ -(pentane-2,4-diylidene)bis(hydrazine-1-carboxamide) 

L6H 2 ): 

Creamy-white crystalline solid; Yield 85%; M.P. 274–276 °C; IR 

KBr, selected, cm 

−1 ) 3460 (m), 1638 (s), 1603 (s), 1580 (s), 1495 

s), 1382 (s), 1276 (s), 1197 (m), 1170 (s), 888 (m), 761 (s), 682 (s);

V–Vis (MeOH, 10 −3 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 

24 (3.35), 258 (3.22); 1 H NMR (DMSO–d 6 , 500 MHz, 298 K, ppm) 

7.46 (2H, br, -N H 

–CO), 3.41 (2H, s, -CH 2 -), 3.28 (4H, br, -N H 2 ),

.01 (6H, s, -C H 3 ); Elemental Analysis for C 7 H 14 N 6 O 2 , Calcd (found)

9.25 (39.43), H 6.59 (6.78), N 39.23 (39.57)% 

Diphenylcarbazide (L7H 2 ): 

Colorless crystalline solid; Yield 92%; M.P. 172–174 °C; IR (KBr, 

elected, cm 

−1 ) 3400 (w), 1637 (s), 1580 (s), 1494 (m), 1401 (s), 

50 (s), 850 (m), 725 (s), 699 (s); UV–Vis (MeOH, 10 −3 M) ( λmax 

n nm (log ε in dm 

3 mol −1 cm 

−1 )) 205 (3.37), 256 (2.80); 1 H NMR

DMSO–d 6 , 500 MHz, 298 K, ppm) δ 8.29 (2H, br, -N H -pH), 7.54

2H, br, -N H 

–CO), 7.15 (4H, m-C H p h ), 6.74 (4H, d ( J = 10 Hz), o-

 H ph ), 6.70 (2H, t ( J = 10 Hz), p-C H p h ); 
13 C{ 1 H} NMR (DMSO–d 6 ,

25 MHz, 298 K, ppm) δ 159.8 (s, > CO), 149.8 (s), 128.6 (s), 118.5 

s), 112.1 (s) (Aromatic); Elemental Analysis for C 13 H 14 N 4 O , Calcd 

found) C 64.45 (65.03), H 5.82 (6.10), N 23.13 (23.43)% 

1,3-bis(2-pyridylimino)isoindoline (L9H): 

Yellow crystalline solid; Yield 72%; M.P. 180 −182 °C; IR (KBr, 

elected, cm 

−1 ) 3402 (m), 3200 (w), 3062 (w), 1630 (s), 1606 

w), 1582 (s), 1553 (m), 1528 (m), 1457 (s), 1429 (s), 1306 (s), 

260 (m), 1220 (s), 1142 (w), 1099 (s), 1043 (m), 794 (s), 773 

s), 690 (s); UV–Vis (MeOH, 10 −3 M) ( λmax in nm (log ε in dm 

3 

ol −1 cm 

−1 )) 247 (3.51), 315 (3.49), 409 (3.48); 1 H NMR (CDCl 3 , 

00 MHz, 298 K, ppm) δ 13.96 (1H, br, -NH), 8.60 (2H, m, o-C H py ),

.07 (2H, m, C H ind ), 7.76 (2H, m, C H ind ), 7.65 (2H, m, p-C H py ), 7.46

2H, d ( J = 10 Hz) C H py ), 7.10 (2H, m, C H py ); 
13 C{ 1 H} NMR (CDCl 3 ,

25 MHz, 298 K, ppm) δ 160.1 (s, C = N py ), 153.1 (s, C 

= N ind ), 148.6

s), 139.2 (s), 135.6 (s), 132.9 (s), 123.7 (s), 123.0 (s), 121.2 (s) 

Aromatic); Elemental Analysis for C 18 H 13 N 5, Calcd (found) C 72.23 

72.38), H 4.38 (4.21), N 23.40 (23.96)% 

N,N 

′ -bis(salicylidene) −1,2-phenylenediamine (L10H 2 ): 

Yellow crystalline solid; Yield 90%; M.P. 162–164 °C; IR (KBr, se- 

ected, cm 

−1 ) 3350 (m), 2920 (w), 1615 (s), 1580 (s), 1481 (s), 1458 

s), 1400 (m), 1277 (s), 1193 (s), 1151 (m), 911 (s), 760 (s); UV–

is (MeOH, 10 −3 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 218

3.49), 275 (3.31), 331 (3.26); 1 H NMR (CDCl 3 , 500 MHz, 298 K, 
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pm) δ 13.05 (2H, s, -O H ph ), 8.64 (2H, s, H C 

= N), 7.40–7.33 (2H,

, C H ph ), 7.50–7.40 (6H, m, C H ph ), 7.25–7.23 (2H, m, C H ph ); 7.05

2H, d ( J = 10 Hz) C H ph ) 6.92 (2H, t ( J = 10 Hz), C H ph ); 
13 C{ 1 H}

MR (CDCl 3 , 125 MHz, 298 K, ppm) δ 164.0 (s, C = N), 160.3 (s,

 C OH ph ), 142.1 (s), 133.3 (s), 132.4 (s), 127.6 (s), 119.7 (s), 119.4 (s),

19.1 (s), 116.7 (s), (Aromatic); Elemental Analysis for C 20 H 16 N 2 O 2, 

alcd (found) C 75.93 (76.46), H 5.10 (5.32), N 8.86 (9.24)% 

N,N’-bis(salicylidene)ethylenediamine (L11H 2 ): 

Yellow crystalline solid; Yield 85%; M.P. 124–127 °C; IR (KBr, se- 

ected, cm 

−1 ) 3404 (m), 2901 (w), 1636 (s), 1601 (m), 1577 (s), 

498 (s), 1461 9 s), 1419 (m), 1372 (w). 1284 (s), 1248 (w), 1150

s), 1114 (m), 1042 (m), 1021 (s), 981 (m), 857 (s), 774 (m), 750

s), 742 (s), 648 (m); UV–Vis (MeOH, 10 −3 M) ( λmax in nm (log ε
n dm 

3 mol −1 cm 

−1 )) 230 (3.49), 253 (3.48), 320 (3.23); 1 H NMR 

CDCl 3 , 500 MHz, 298 K, ppm) δ 13.20 (2H, br, -O H ph ), 8.36 (2H,

, - H C 

= N), 7.29 (2H, t ( J = 10 Hz) C H ph ), 7.23 (2H, d ( J = 10 Hz),

 H ph ) 6.94 (2H, d ( J = 10 Hz), C H ph ) 6.86 (2H, t ( J = 10 Hz), C H ph ),

.95 (4H, s, -C H 2 –C H 2 -); 13 C{ 1 H} NMR (CDCl 3 , 125 MHz, 298 K,

pm) δ 168.2 (s, C = N), 161.1 (s, - C OH ph ), 132.3 (s), 131.4 (s),

18.6 (s), 116.9 (s) (Aromatic), 60.0 (s, - C H 2 –C H 2 -); Elemental Anal-

sis for C 16 H 16 N 2 O 2, Calcd (found) C 71.62 (72.03), H 6.01 (5.78), N

0.44 (10.82)% 

N,N’-bis(5-hydroxysalicylidene)ethylenediamine (L12H 2 ): 

Yellow-orange crystalline solid; Yield 85%; M.P. 280–282 °C; IR 

KBr, selected, cm 

−1 ) 3350 (m), 2910 (m), 1640 (s), 1600 (m), 1509 

m), 1455 (s), 1408 (m), 1307 (m), 1261 (s), 1220 (s), 1163 (s), 1045

s), 862 (m), 832 (s), 792 (m); UV–Vis (MeOH, 10 −3 M) ( λmax in 

m (log ε in dm 

3 mol −1 cm 

−1 )) 240 (3.48), 260 (3.38), 351 (3.18); 
 HNMR (DMSO–d 6 , 500 MHz, 298 K, ppm) δ 12.62 (2H, s, -O H ph ),

.50 (2H, s, H C 

= N), 6.78 (2H, s, C H ph ) 6.70 (4H, m, C H ph ), 3.80 (4H,

, -C H 2 –C H 2 -); 13 C{ 1 H} NMR (DMSO–d 6 , 125 MHz, 298 K, ppm) δ
68.3 (s, > C = N), 155.1 (s, - C OH ph ), 150.3 (s, - C OH ph ), 120.1 (s),

18.5 (s), 116.9 (s), 116.3 (s) (Aromatic), 59.4 (s, - C H 2 –C H 2 -); Ele-

ental Analysis for C 16 H 16 N 2 O 4, Calcd (found) C 63.99 (64.16), H 

.37 (5.18), N 9.33 (9.86)% 

Salicylaldoxime (L13H 2 ): 

Off-white crystalline solid; Yield 88%; M.P. 60–62 °C; IR (KBr, 

elected, cm 

−1 ) 3399 (m), 3192 (m), 1627 (s), 1615 (s), 1591 (s), 

493 (s), 1447 (s), 1424 (s), 1360 (s), 1304 (m), 1254 (s), 1119 

w), 1037 (w), 994 (m), 900 (m), 848 (s), 751 (5), 650 (s); UV–

is (MeOH, 10 −3 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 231

3.49), 260 (3.41), 308 (2.91); 1 H NMR (CDCl 3 , 500 MHz, 298 K, 

pm) δ 11.22 (1H, s, -O H ph ), 9.95 (1H, s, C 

= NO H ), 8.32 (1H, s,

 C 

= N), 6.91–7.42 (4H, m, C H ph ); Elemental Analysis for C 7 H 7 NO 2, 

alcd (found) C 61.31 (61.94), H 5.15 (4.98), N 10.21 (10.54)% 

Salicylideneaniline (L14H): 

Pale-yellow crystalline solid; Yield 93%; M.P. 51–54 °C; IR (KBr, 

elected, cm 

−1 ) 3056 (w), 1617 (s), 1591 (m), 1572 (m), 1485 (s), 

457 (m), 1319 (m), 1280 (s), 1186 (s), 1150 (s), 1074 (m), 980 

m), 918 (m), 845 (s), 756 (s), 692 (m); UV–Vis (MeOH, 10 −3 M) 

 λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 238 (3.48), 266 (3.45), 

38 (3.41); 1 H NMR (CDCl 3 , 500 MHz, 298 K, ppm) δ 13.42 (1H, 

, -O H ph ), 8.62 (1H, s, H C 

= N), 7.50–6.92 (4H, m, C H ph ); Elemental

nalysis for C 13 H 11 NO , Calcd (found) C 79.17 (79.03), H 5.62 (5.77), 

 7.10 (7.55)% 

Salicylaldehyde hydrazone (L15H): 

Colorless crystalline solid; M.P. 98–100 °C; IR (KBr, selected, 

m 

−1 ) 3468 (w), 3360 (w), 3315 (w), 1644 (s), 1602 (s), 1573 (s), 

533 (s), 1459 (s), 1374 (s), 1239 (s), 1157 (w), 1097 (s), 999 (m), 

51 (m), 823 (m), 745 (s), 665(s); UV–Vis (MeOH, 10 −3 M) ( λmax in 

m (log ε in dm 

3 mol −1 cm 

−1 )) 210 (3.41), 241 (3.03), 308 (2.91); 
 H NMR (CDCl 3 , 500 MHz, 298 K, ppm) δ 11.62 (1H, s, -O H ph ), 8.18

1H, s, H C 

= N), 7.25–7.10 (4H, m, C H ph ), 6.80 (2H, br, NH2); Ele-

ental Analysis for C 7 H 8 N 2 O , Calcd (found) C 61.75 (61.78); H 5.92

6.02), N 20.58 (21.03)% 
I

3 
Salicylaldehyde azine (L16H 2 ): 

Yellowish-green crystalline solid; Yield 90%; M.P. 226–228 °C; IR 

KBr, selected, cm 

−1 ) 2848 (w), 1634 (m), 1615 (s), 1557 (s), 1488 

s), 1454 (s), 1376 (s), 1272 (s), 1198 (m), 1158 (s), 1099 (w), 930 

w), 882 (s), 750 (s), 670 (s); UV–Vis (MeOH, 10 −3 M) ( λmax in 

m (log ε in dm 

3 mol −1 cm 

−1 )) 220 (3.44), 293 (3.38), 336 (3.37); 
 H NMR (DMSO–d 6 , 500 MHz, 298 K, ppm) δ 11.12 (2H, s, -O H ph ),

.98 (2H, s, H C 

= N), 7.65 (2H, d ( J = 8 Hz), C H ph ), 7.38–7.30 (2H,

, C H ph ), 6.92 (4H, t ( J = 8 Hz), C H ph ); 
13 C{ 1 H} NMR (DMSO–d 6 ,

25 MHz, 298 K, ppm) δ 163.2 (s, > C = N), 158.9 (s, - C OH ph ),

33.2 (s), 131.0 (s), 119.8 (s), 118.7 (s), 116.6 (s) (Aromatic); Ele- 

ental Analysis for C 14 H 12 N 2 O 2, Calcd (found) C, 69.99 (70.23), H 

.03 (5.33), N 11.66 (11.84)% 

N’-(salicylidene)hydrazinecarbothiohydrazide (L17H 2 ): 

Yellow crystalline solid; Yield 78%; M.P. 200–203 °C; IR (KBr, 

elected, cm 

−1 ) 3212 (s), 3061 (m), 1623 (s), 1576 (m), 1552 (s), 

488 (m), 1455 (m), 1356 (m), 1277 (s), 1185 (m), 1038 (w), 957 

w), 800 (s), 752 (s); UV–Vis (MeOH, 10 −3 M) ( λmax in nm (log 

in dm 

3 mol −1 cm 

−1 )) 241 (3.49), 292 (3.45), 359 (3.40); 1 H 

MR (DMSO–d 6 , 500 MHz, 298 K, ppm) δ 11.42 (1H, s, -N H 

–CO),

.87 (1H, s, -N H 

–CO), 9.68 (1H, s, -O H ph ), 8.28 (1H, s, C H ph ), 7.95

2H, d ( J = 8 Hz), C H ph ), 6.78–7.25 (3H, m, C H ph ), 4.86 (2H, br,

N H 2 ); 
13 C{ 1 H} NMR (DMSO–d 6 , 125 MHz, 298 K, ppm) δ 176.6

s, > C = S), 157.2 (s, - C OH ph ), 140.6 (s, -C = N), 131.8 (s), 128.1

s), 121.2 (s), 119.9 (s), 116.8 (s), (Aromatic); Elemental Analysis for 

 8 H 10 N 4 OS , Calcd (found) C 45.70 (45.58), H 4.79 (4.38), N 26.65

26.89)% 

1, 5- bis(acetophenone) thiocarbohydrazone (L20H 2 ): 

Yellow crystalline solid; Yiled 72%; M.P. 187–189 °C; IR (KBr, se- 

ected, cm 

−1 ) 3285 (w), 2997 (w), 1600 (w), 1537 (s), 1519 (s), 1487 

m), 1393 (s), 1310 (m), 1247 (s), 1159 (w), 1068 (m), 952 (m), 876 

m), 757 (s), 696 (s); UV–Vis (MeOH, 10 −3 M) ( λmax in nm (log ε
n dm 

3 mol −1 cm 

−1 )) 204 (3.37), 327 (3.35); 1 H NMR (DMSO–d 6 , 

00 MHz, 298 K, ppm) δ 11.02 (2H, br, -NH), 7.92 (4H, d ( J = 8 Hz),

 H ph ), 7.47 (6H, m, C H ph ), 2.41 (6H, s, CH 3 ); Elemental Analysis for

 17 H 18 N 4 S, Calcd (found) C 65.78 (65.93), H 5.85 (6.08), N 18.05

18.47)% 

.3. Synthesis of cobalt complexes 

In a typical procedure, 1 or 2 mmol of the ligand was dissolved 

n 10 ml of methanol and added dropwise to the methanolic so- 

ution of cobalt (II) chloride hexahydrate (1 mmol) with constant 

tirring. The reaction mixture was stirred at room temperature or 

efluxed for the required time period (vide infra). The solid prod- 

ct obtained was filtered, washed with methanol and hexane and 

ried using an incandescent light bulb in air. In the cases, where 

here was no solid formed, the solvent was slow-evaporated and 

he solid obtained was washed with hexane and dried using an in- 

andescent light bulb in air. 

[(L1) 2 C o (H 2 O) 2 ]Cl 2 (C1) 

0.312 g of L1 and 0.237 g of CoCl 2 ·6H 2 O, 4 h stirring at RT; Iso-

ated as a purple crystalline solid; Yield 82%; M.P. > 300 °C; Molar 

onductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 128; IR (KBr, 

elected, cm 

−1 ) 3401 (s), 3164 (m), 1605 (s), 1574 (m), 1493 (m), 

474 (s), 1441 (s), 3115 (m), 1248 (w), 1154 (s), 1060 (m), 1022 (s), 

73 (s), 736 (s), 654 (s), 632 (m); UV–Vis (MeCN, 10 −4 M) ( λmax in

m (log ε in dm 

3 mol −1 cm 

−1 )) 218 (4.20), 250 (3.70), 563 (2.50), 

08 (2.54), 664 (2.66); Magnetic moment ( μeff) 4.71 BM; Elemen- 

al Analysis for C 20 H 20 Cl 2 CoN 4 O 2 , Calcd (found) C 50.23 (50.09), H

.22 (4.13), Cl 14.83 (15.12), Co 12.32 (12.01), N 11.72 (12.21)% 

[(L2) 2 C o (H 2 O) 2 ]Cl 2 (C2): 

0.360 g of L2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h stirring at RT; Iso-

ated as a light pink crystalline solid; Yield 78%; M.P 208–210 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 132; 

R (KBr, selected, cm 

−1 ) 3300 (m), 3133 (w), 1626 (s), 1520 (s), 
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(
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n

5

A

(

509 (s), 1463 (s), 14 4 4 (m), 1407 (s), 1637 (m), 1266 (s), 1097 (s),

057 (s), 990 (s), 906 (m), 771 (s), 731 (s), 650 (m), 611 (s); UV–

is (MeCN, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 210

4.20), 260 (3.60), 585 (2.43), 677 (2.64); Magnetic moment ( μeff) 

.58 BM; Elemental Analysis for C 24 H 20 Cl 2 CoN 4 O 2 , Calcd (found) C

4.77 (54.92), H 3.83 (3.72), Cl 13.47 (13.28), Co 11.20 (11.38), N 

0.65 (10.98)% 

[(L3)CoCl 2 ] (C3): 

0.204 g of L3 and 0.237 g of CoCl 2 ·6H 2 O, 4 h stirring at RT; Iso-

ated as a blue crystalline solid; Yield 90%; M.P. 278–280 °C; Molar 

onductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 12; IR (KBr,

elected, cm 

−1 ) 3012 (m), 2960 (m), 1557 (s), 1466 (s), 14 4 4 (m),

391 (s), 1278 (s), 1211 (m), 1051 (s), 1001 (m), 830 (s), 808 (s), 

77 (s); UV–Vis (MeCN, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 

m 

−1 )) 237 (4.09), 289 (4.08), 582 (2.23), 677 (2.38); Magnetic mo- 

ent ( μeff) 4.89 BM; Elemental Analysis for C 11 H 16 N 4 CoCl 2, Calcd 

found) C 39.54 (39.38), H 4.83 (4.64), N 16.77 (16. 98), Cl 21.22 

21.58), Co 17.64 (17.32)% 

[(L4) 2 Co(H 2 O) 2 ]Cl 2 (C4): 

0.296 g of L4 and 0.237 g of CoCl 2 ·6H 2 O, 4 h stirring at RT; Iso-

ated as a purple-blue crystalline solid; Yield 92%; M.P. > 300 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 126; IR

KBr, selected, cm 

−1 ) 3423 (s), 1632 (s), 1599 (s), 1526 (m), 1450 

s), 1400 (s), 1329 (m), 1301 (m), 1242 (m), 1230 (m), 1199 (m), 

150 (m), 1127 (m), 1031 (m), 1010 (m), 902 (s), 797 (m), 762 (s), 

58 (m), 625 (m); UV–Vis (MeOH, 10 −4 M) ( λmax in nm (log ε
n dm 

3 mol −1 cm 

−1 )) 265 (4.25), 585 (2.32), 681 (2.47); Magnetic 

oment ( μeff) 4.96 BM; Elemental Analysis for C 14 H 20 Cl 2 CoN 8 O 2, 

alcd (found) C 36.38 (36.62), H 4.36 (4.28), Cl 15.34 (15.83), Co 

2.75 (12.88), N 24.24 (24.68)% 

[(L5H)Co(H 2 O) 3 C l ]Cl (C5): 

0.198 g of L5H and 0.237 g of CoCl 2 ·6H 2 O, 4 h stirring at RT;

solated as a green crystalline solid; Yield 80%; M.P.180–184 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 102; 

R (KBr, selected, cm 

−1 ) 3409 (s), 1667 (s), 1643 (s), 1562 (s), 

494 (s), 1447 (s), 1384 (m), 1333 (s), 1255 (m), 1164 (s), 1156 

s), 1054 (m), 1013 (s), 84 8 (s), 76 8 (s), 736 (m), 64 8 (m); UV–

is (MeCN, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 217

4.47), 295 (4.32), 594 (2.88), 664 (3.08); Magnetic moment ( μeff) 

.92 BM; Elemental Analysis for C 11 H 16 Cl 2 CoN 4 O 3, Calcd (found) C 

4.58 (34.81), H 4.22 (4.38), Cl 18.56 (18.83), Co 15.42 (15.32), N 

4.66 (14.89)% 

[(L6)Co] (C6): 

0.214 g of L6H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80

C; Isolated as a blue crystalline solid; Yield 76%; M.P. 210–215 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 16; IR

KBr, selected, cm 

−1 ) 3343 (s), 3314 (s), 2924 (w), 1568 (s), 1470 

m), 1405 (m), 1271 (m), 1164 (s), 1148 (s), 1049 (s), 1025 (w), 819

m), 703 (m), 671 (m), 659 (m); UV–Vis (MeOH, 10 −4 M) ( λmax in 

m (log ε in dm 

3 mol −1 cm 

−1 )) 238 (3.46), 258 (3.44), 289 (3.38); 

V–Vis (DMF, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 

17 (2.96); Magnetic moment ( μeff) 4.68 BM; Elemental Analysis 

or C 7 H 12 CoN 6 O 2, Calcd (found) C 31.01 (31.32), H 4.46 (4.23), Co

1.73 (21.39), N 31.00 (30.47)% 

[L7Co(H 2 O) 2 ] (C7): 

0.242 g of L7H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80

C; Isolated as a brown crystalline solid; Yield 81%; M.P. > 300 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 23; IR

KBr, selected, cm 

−1 ) 3237 (m), 2922 (m), 2852 (m), 1628 (s), 1583 

s), 1555 (s), 1527 (m), 1487 (m), 1429 (m), 1306 (m), 1264 (s), 

292 (s), 1100 (s), 1037 (w), 876 (w), 796 (s), 775 (s), 652 (m);

V–Vis (MeOH, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 

43 (3.49), 393 (2.58), 465 (2.55), 694 (2.29); Magnetic moment 

 μeff) 4.36 BM; Elemental Analysis for C 13 H 16 CoN 4 O 3, Calcd (found) 

 46.58 (46.11), H 4.81 (5.18), Co 17.58 (17.42), N 16.71 (16.91)% 
4 
[{[(L8) 2 Co]Cl}{[(L8) 2 C o ]OH}] (C8): 

0.156 g of L8H and 0.237 g of CoCl 2 ·6H 2 O, 4 h stirring at RT;

solated as an yellowish-orange crystalline solid; Yield 46%; M.P. 

40–244 °C; Molar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 

ol −1 ) 98; IR (KBr, selected, cm 

−1 ) 3460 (s), 1605 (s), 1592 (s), 

4 4 4 (s), 1400 (m), 1308 (s), 1282 (s), 1244 (s), 1169 (s), 1092 (s),

056 (m), 943 (s), 807 (s), 774 (s), 757 (s), 691 (s); UV–Vis (MeCN, 

0 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 228 (3.59), 241 

3.49), 362 (1.80), 648 (1.56); 1 H NMR (DMSO–d 6 , 500 MHz, 298 K, 

pm) δ 8.01 (2H, br, 6-C H py ), 7.83 (2H, br, 4-C H py ), 7.65 (2H, br,

-C H py ), 7.10 (2H, br, 5-C H py ); 
13 C{ 1 H} NMR (DMSO–d 6 , 125 MHz,

98 K, ppm) δ 160.7 (s, 2- C py ), 145.3 (s, 6- C py ), 135.8 (s, 4- C py ),

19.7 (s, 3- C py ), 115.1 (s, 5- C py ), 97.3 (s, C (py) 2 (O) 2 ); Magnetic mo-

ent ( μeff) Diamagnetic; Elemental Analysis for C 44 H 37 ClCo 2 N 8 O 9, 

alcd (found) C 54.20 (54.68), H 3.82 (4.08), Cl 3.64 (3.21), Co 

2.09 (11.89), N 11.49 (11.86)%. 

[(L9) 2 Co] (C9): 

0.6 g of L9H and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80 °C;

solated as an orange-brown crystalline solid; Yield 74%; M.P. > 

00 °C; Molar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 )

4; IR (KBr, selected, cm 

−1 ) 3291 (m), 3098 (m), 1629 (s), 1611 (m), 

594 (s), 1557 (m), 1524 (s), 1487 (s), 1469 (s), 1431 (m), 1377 (s), 

308 (m), 1245 (s), 1208 (s), 1179 (s), 1151 (m), 1103 (s), 1071 (s), 

056 (s), 865 (m), 791 (s), 782 (s), 712 (s), 667 (m); 79 (s), 1151

m), 1103 (s), 1071 (s), 1056 (s), 865 (m), 791 (s), 782 (s), 712 (s),

67 (m); UV–Vis (MeOH, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 

m 

−1 )) 240 (4.11), 273 (3.83), 329 (3.81), 346 (3.77), 395 (3.84), 

71 (3.38), 558 (2.85); Magnetic moment ( μeff) 4.82 BM; Elemen- 

al Analysis for C 36 H 24 CoN 10 , Calcd (found) C 65.96 (66.18), H 3.69

3.58), Co 8.99 (9.32), N 21.37 (21.84)% 

[(L10)Co(H 2 O)] (C10): 

0.316 g of L10H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80 °C;

solated as an orange-brown crystalline solid; Yield 81%; M.P. 240–

43 °C; Molar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 )

6; IR (KBr, selected, cm 

−1 ) 3452 (s), 3010 (m), 1614 (s), 1581 (s), 

528 (s), 1489 (w), 1378 (m), 1337 (m), 1240 (w), 1189 (s), 1147 

s), 1029 (w), 927 (w), 812 (w), 743 (s), 586 (m); UV–Vis (MeCN, 

0 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 254 (4.23), 300 

3.69), 401 (3.53), 458 (3.52), 652 (2.17); Magnetic moment ( μeff) 

.51 BM; Elemental Analysis for C 20 H 16 CoN 2 O 3, Calcd (found) C 

1.39 (61.84), H 4.12 (4.64), Co 15.06 (14.86), N 7.16 (7.65)% 

[(L11)Co(H 2 O)] (C11): 

0.268 g of L11H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80 °C;

solated as a brown crystalline solid; Yield 81%; M.P. 210–213 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 20; IR

KBr, selected, cm 

−1 ) 3430 (s), 3021 (m), 1633 (s), 1600 (s), 1541 

w), 1509 (w), 1470 (m), 1450 (s), 1400 (w), 1304 (m), 1202 (m), 

151 (m), 1129 (m), 1087 (w), 1033 (s), 903 (s), 797 (w), 762 (s), 

59 (w), 626 (w); UV–Vis (MeCN, 10 −4 M) ( λmax in nm (log ε in 

m 

3 mol −1 cm 

−1 )) 218 (3.67), 248 (3.70), 382 (3.65), 580 (2.07), 

60 (2.11); Magnetic moment ( μeff) 2.44 BM; Elemental Analysis 

or C 16 H 16 CoN 2 O 3, Calcd (found) C 55.99 (56.12), H 4.70 (4.83), Co 

7.17 (17.63), N 8.16 (8.58)% 

[(L12)Co(H 2 O)] (C12): 

0.300 g of L12H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80

C; Isolated as a dark brown crystalline solid; Yield 80%; M.P. > 

00 °C; Molar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 )

4; IR (KBr, selected, cm 

−1 ) 3423 (s), 2910 (w), 1632 (s), 1598 (s), 

526 (m), 1450 (s), 1400 (m), 1351 (m), 1329 (m), 1242 (m), 1230 

m), 1199 (m), 1150 (s), 1127 (s), 1010 (m), 927 (w), 902 (s), 797 

w), 762 (s), 658 (m), 625 (m); UV–Vis (MeCN, 10 −4 M) ( λmax in 

m (log ε in dm 

3 mol −1 cm 

−1 )) 222 (4.06), 247 (4.09), 381 (3.14), 

85 (2.07), 677 (2.11); Magnetic moment ( μeff) 2.41 BM; Elemental 

nalysis for C 16 H 16 CoN 2 O 5, Calcd (found) C 51.21 (51.48), H 4.30 

4.48), Co 15.71 (16.18), N 7.47 (7.95)% 



V. Hegde, C.O. Sreekala, N.V. Kulkarni et al. Journal of Molecular Structure 1266 (2022) 133512 

 

m

s

1  

3  

(

V  

(

4

(

 

I

M  

(

(  

(  

8

1  

(

4

6

 

I

M  

(  

1

1

7  

(

c

4

4

 

I

M  

(

(  

(  

(

i

6

f  

C

 

°
M  

(

(

1

7  

(  

(

4

3

 

R

M  

(

(  

(

m

(  

5

t  

(

 

°
M  

(

(

1

7  

(

4

t  

1

 

I

l  

s

1

U

2

m

C

(

2

c

1

t  

c

c

t

1

4

a

2

a

p

7

(

0

i

c

2

n

s

p

a

(

[

t

t

d

p

[(L13)Co(H 2 O) 2 ] (C13): 

0.137 g of L13H 2 , 0.237 g of CoCl 2 ·6H 2 O and 2 drops of 25% am-

onia solution, 4 h reflux at 80 °C; Isolated as a brown crystalline 

olid; Yield 86%; M.P. 110–113 °C; Molar conductance ( ᴧ M 

, MeOH, 

0 −3 M, ohm 

−1 cm 

2 mol −1 ) 32; IR (KBr, selected, cm 

−1 ) 3400 (m),

012 (w), 1557 (s), 1466 (s), 14 4 4 (m), 1420 (m), 1391 (s), 1278

s), 1231 (m), 1051 (s), 1004 (w), 830 (s), 808 (s), 654 (m); UV–

is (MeOH, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 241

3.88), 303 (3.53), 393 (2.85), 520 (2.28); Magnetic moment ( μeff) 

.32 BM; Elemental Analysis for C 7 H 9 CoNO 4, Calcd (found) C 36.54 

36.83), H 3.94 (4.18), Co 25.61 (25.83), N 6.09 (6.43)% 

[(L14) 2 Co(H 2 O) 2 ] (C14): 

0.394 g of L14H and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80 °C;

solated as a green crystalline solid; Yield 92%; M.P. 190–194 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 16; IR

KBr, selected, cm 

−1 ) 3436 (s), 3310 (w), 1634 (s), 1615 (s), 1591 

s), 1572 (m), 1538 (s), 1485 (s), 1456 (s), 1379 (m), 1360 (m), 1282

s), 1237 (s), 1184 (s), 1141 (s), 1117 (m), 1029 (s), 904 (s), 898 (s),

45 (s), 768 (s), 753 (s), 692 (s), 682 (s), 589 (s); UV–Vis (MeCN, 

0 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 210 (4.25), 268

4.02), 311 (3.96), 330 (3.97), 660 (2.30); Magnetic moment ( μeff) 

.78 BM; Elemental Analysis for C 26 H 24 CoN 2 O 4 , Calcd (found) C 

 4.07 (6 4.28), H 4.96 (4.73), Co 12.09 (12.26), N 5.75 (5.98)% 

[(L15) 2 Co(H 2 O) 2 ] (C15): 

0.272 g of L15H and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80 °C;

solated as an off-brown crystalline solid; Yield 84%; M.P. > 300 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 18; IR

KBr, selected, cm 

−1 ) 3437 (s), 1630 (s), 1602 (s), 1563 (s), 1525 (s),

486 (w), 1470 (s), 1372 (s), 1316 (s), 1242 (s), 1159 (m), 1094 (s), 

316 (s), 1242 (s), 1159 (m), 1094 (s), 1038 (m), 930 (m), 853 (s), 

56 (s), 1038 (m), 930 (m), 853 (s), 756 (s), 704 (m), 687 (m), 593

m); UV–Vis (MeOH, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 

m 

−1 ) 247 (3.86), 389 (2.57), 411 (2.86); Magnetic moment ( μeff) 

.67 BM; Elemental Analysis for C 14 H 18 CoN 4 O 4 , Calcd (found) C 

6.04 (46.48), H 4.97 (4.68), Co 16.13 (15.87), N 15.34 (15.68)% 

[(L16H)CoCl(H 2 O) 2 ] (C16): 

0.240 g of L16H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80 °C;

solated as a light-brown crystalline solid; Yield 80%; M.P. > 300 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 14; IR

KBr, selected, cm 

−1 ) 3320 (s), 2900 (m), 1625 (s), 1594 (s0, 1518 

s), 1489 (m), 1468 (m), 1400 (s), 1353 (s), 1293 (m), 1251 (s), 1201

s), 1157 (s), 1129 (w), 1068 (m), 1034 (m), 905 (s), 852 (m), 754

s), 689 (s), 644 (m); UV–Vis (MeCN, 10 −4 M) ( λmax in nm (log ε
n dm 

3 mol −1 cm 

−1 )) 210 (3.81), 258 (3.79), 318 (3.49), 412 (3.29), 

50 (2.30); Magnetic moment ( μeff) 4.42 BM; Elemental Analysis 

or C 14 H 15 CoClN 2 O 4 , Calcd (found) C 45.49 (45.21), H 4.09 (4.39),

l 9.59 (6.08), Co 15.94 (15.63), N 7.58 (7.84)% 

[(L17)Co(H 2 O) 2 ] (C17): 

0.210 g of L17H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80

C; Isolated as a brown crystalline solid; Yield 80%; M.P. > 300 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 21; IR

KBr, selected, cm 

−1 ) 3468 (s), 2910 (m), 1624 (s), 1609 (s), 1568 

m), 1543 (m), 1491 (m), 1470 (m), 1439 (s), 1396 (w), 1351 (w), 

298 (s), 1287 (s), 1204 (s), 1156 (s), 1131 (m), 1048 (m), 917 (m), 

98 (s), 756 (s), 731 (s), 651 (m), 637 (m); UV–Vis (MeOH, 10 −4 M)

 λmax in nm (log ε in dm 

3 mol −1 cm 

−1 ) 252 (3.91), 299 (3.63), 352

3.50), 441 (3.25), 458 (3.26), 685 (2.15); Magnetic moment ( μeff) 

.38 BM; Elemental Analysis for C 8 H 12 CoN 4 O 3 S , Calcd (found) C 

1.69 (31.97), H 3.99 (4.23), Co 19.44 (19.78), N 18.48 (19.16)% 

[(L18H 2 ) 2 CoCl 2 ] (C18): 

0.106 g of L18H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h stirring at

T; Isolated as a brown crystalline solid; Yield 42%; M.P. > 300 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 23; IR

KBr, selected, cm 

−1 ) 3460 (s), 3260 (s), 1637 (s), 1608 (s), 1560 

s), 1504 (s), 1302 (m), 1150 (s), 1110 (m), 975 (s), 780 (m), 752

s), 674 (s); UV–Vis (MeOH, 10 −4 M) ( λmax in nm (log ε in dm 

3 
5

ol −1 cm 

−1 ) 224 (3.30), 262 (3.06), 286 (2.95), 385 (2.29); UV–Vis 

DMF, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 290 (3.07),

74 (2.47), 680 (2.69); Magnetic moment ( μeff) 4.63 BM; Elemen- 

al Analysis for C 2 H 12 Cl 2 CoN 8 S 2, Calcd (found) C 7.02 (7.52), H 3.54

3.82), Cl 20.72 (21.18), Co 17.23 (17.68), N 32.75 (33.32) 

[(L19)Co(H 2 O) 2 ] (C19): 

0.258 g of L19H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80

C; Isolated as a brown crystalline solid; Yield 80%; M.P. > 300 °C; 

olar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 13; IR

KBr, selected, cm 

−1 ) 3468 (s), 2910 (m), 1624 (s), 1609 (s), 1568 

m), 1543 (m), 1491 (m), 1470 (m), 1439 (s), 1396 (w), 1351 (w), 

298 (s), 1287 (s), 1204 (s), 1156 (s), 1131 (m), 1048 (m), 917 (m), 

98 (s), 756 (s), 731 (s), 651 (m), 637 (m); UV–Vis (MeOH, 10 −4 M)

 λmax in nm (log ε in dm 

3 mol −1 cm 

−1 )) 242 (3.48), 395 (2.37), 

77 (2.50), 682 (2.10); Magnetic moment ( μeff) 4.24 BM; Elemen- 

al Analysis for C 13 H 16 CoN 4 O 2 S, C 44.45 (45.81), H 4.59 (4.86), Co

6.78 (17.12), N 15.95 (16.42)% 

[(L20H)Co(H 2 O)Cl] (C20): 

0.310 g of L20H 2 and 0.237 g of CoCl 2 ·6H 2 O, 4 h reflux at 80 °C;

solated as a brown crystalline solid; Yield 80%; M.P. > 300 °C; Mo- 

ar conductance ( ᴧ M 

, MeOH, 10 −3 M, ohm 

−1 cm 

2 mol −1 ) 18; IR (KBr,

elected, cm 

−1 ) 3440 (m), 2910 (m), 1633 (s), 1580 (m), 1508 (s), 

449 (s), 1351 (m), 1250 (m), 992 (s), 850 (m), 752 (m), 691 (m); 

V–Vis (MeCN, 10 −4 M) ( λmax in nm (log ε in dm 

3 mol −1 cm 

−1 ) 

25 (3.85), 305 (3.99), 343 (3.99), 581 (1.20), 660 (1.25); Magnetic 

oment ( μeff) 4.18 BM; Elemental Analysis for C 17 H 19 ClCoN 4 OS, 

alcd (found) C 48.41 (48.83), H 4.54 (4.92), Cl 8.40 (8.48), Co 13.97 

14.14), N 13.28 (13.67)% 

.4. Preparation of photoanode of the dye-sensitized solar cell 

In a typical procedure, a FTO glass plate (2 cm × 2 cm) was 

leaned thoroughly with distilled water, sonicated sequentially for 

5, 10 and 5 min in alkaline-extran solution, isopropanol and dis- 

illed water and dried in a hot air oven for 2 h at 90 °C. Upon

ooling to RT, commerical transperent TiO 2 paste was coated on a 

ircular active area of 0.1266 cm 

−2 using doctor-blade method and 

he film was dried under air for about 15 min. After annealing for 

0 min, the coated FTO plate was sintered in a muffle furnace at 

50 °C for 30 min. FTO plate was then cooled to room temperature 

nd used for dye-sensitization [68–71] . 

.5. Preparation of electrolyte for dye-sensitized solar cell 

pplications 

The iodine based electrolyte used in this study was pre- 

ared by following the reported protocol [69] as described below. 

.98 g (30 mmol) of 1–butyl–3-methyl imidazolium iodide, 3.38 g 

25 mmol) of 4-tetrabutyl-1-pyridine, 0.63 g (5 mmol) of iodine, 

.67 g (5 mmol) of lithium iodide and 0.59 g (5 mmol) of guanid- 

um thyocyanate were dissolved in 50 ml of acetonitrile and soni- 

ated for 10–15 min to obtain ∼ 50 ml of electrolyte. 

.6. Fabrication of dye-sensitized solar cell unit 

In a typical fabrication process, TiO 2 coated FTO glass plate (an- 

ealed & sintered, vide supra) was immersed in the 5 ml of dye- 

olution (5 mmol in methanol) overnight to sensitize the coated 

art. The dye-sensitized TiO 2 film was washed with methanol, 

ir dried and used as a working electrode. A platinum sputtered 

40 nm thickness) FTO glass plate was used as a counter electrode 

72] . A complete dye-sensitized solar cell was made by assembling 

he platiunm counter electrode and a freshly made working elec- 

rode with a 25 μm thick polymer spacer with a hole. A couple of 

rops of electrolytes was added in the hole (sandwiching) and the 

hotovoltaic parameters of the deivice were analysed. 
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Fig. 1. Ligand systems used in this work. 

2

0

c

s

g

h

C

(

v

c

c

f

a

(

w

g

m

s

g  

C

b

a

t

c

t

t

fi  

C

w

a

l

0  

d  

c  

C

w

a

l

2  

d  

l  

g

s

2

B  

a

p

s

e

3

3

.7. X-ray crystal analysis 

Pale orange tabular single crystal of complex C4 (size 

.317 × 0.224 × 0.125 mm) and yellow tabular single crystal of 

omplex C8 (size 0.234 mm × 0.324 mm × 0.799 mm) were cho- 

en under polarizing microscope for single crystal x-ray crystallo- 

raphic study. The samples were taken on a nylon loop with the 

elp of paratone oil and mounted on a diffractometer head. For 

4 : Intensity data were collected on Bruker APEX-II Ultra machine 

3-Circle machine, rotating anode x-ray tube) operating at 45KV 

oltage and 75 mA current (for C4 ) and Bruker APEX-II Kappa ma- 

hine (4-circle machine) operating at 50KV voltage and 30 mA 

urrent (for C8 ). The diffractometer was equipped with an Ox- 

ord Cyrosystem Plus Controller low temperature device for vari- 

ble temperature data collection (100 K) and used MoK α radiation 

 λ= 0.71073 Å). In both the complexes, the frames were integrated 

ith the Bruker SAINT software package using a narrow-frame al- 

orithm [73] . Data were corrected for absorption effects using the 

ulti-scan method (SADABS) [74] . The molecular structures were 

olved by dual methods using SHELXT 2014/5 [75] in the space 

roup type P −1, with Z = 1 (for C4 ) P −1, with Z = 2 (for

8 ) and refined by full-matrix least-squares methods against F 2 

y SHELXL-2018/1 [76] . All non-hydrogen atoms were refined with 

nisotropic displacement parameters. Hydrogen atoms bonded to 

he aromatic carbons were geometrical fixed by using HFIX 43 

ards (riding model) and their U iso ’s were constrained to be 1.2 

imes to that of the parent carbon atoms. Hydrogen atoms bonded 

o the heteroatoms were found from Difference Fourier and re- 

ned with DFIX cards and their U iso ’s were refined. In the case of

4 : The final anisotropic full-matrix least-squares refinement on F 2 

c

6 
ith 132 variables converged at R1 = 2.22%, for the observed data 

nd wR2 = 5.82% for all data. The goodness-of-fit was 1.088. The 

argest peak in the final difference electron density synthesis was 

.373 e-/ ̊A 

3 and the largest hole was −0.436 e-/ ̊A 

3 with an RMS

eviation of 0.054 e-/ ̊A 

3 . On the basis of the final model, the cal-

ulated density was 1.634 g/cm 

3 and F(0 0 0), 237 e −. In the case of

8 : The final anisotropic full-matrix least-squares refinement on F 2 

ith 415 variables converged at R1 = 6.43%, for the observed data 

nd wR2 = 21.51% for all data. The goodness-of-fit was 1.107. The 

argest peak in the final difference electron density synthesis was 

.774 e −/ ̊A 

3 and the largest hole was −1.018 e −/ ̊A 

3 with an RMS

eviation of 0.186 e −/ ̊A 

3 . On the basis of the final model, the calcu-

ated density was 1.513 g/cm 

3 and F(0 0 0), 646 e −. All the crystallo-

raphic data and images provided here were generated by WinGX 

uite [77] and Mercury [78] programs. 

.8. Computational studies 

All calculations were carried out using M06 functional [79] and 

3LYP functional [ 80 , 81 ] methods with 6–31 G (d,p) basis set for

ll atoms except for cobal which was treated with relativistic SDD 

seudopotential and corresponding basis set [ 82 , 83 ]. Gaussian 16 

uite of programs was used for all calculations [84] . The solvent 

ffects were treated with polarizable continuum model (PCM). 

. Result and discussion 

.1. Structural elucidation 

All the organic ligands ( Fig. 1 ) and the respective cobalt 

omplexes ( Fig. 2 ) were thoroughly characterized by molar con- 
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Fig. 2. Molecular structures of the cobalt complexes (C1-C21). 
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uctivity, magnetic moment measurement, IR, UV–Visible, NMR 

nd mass spectral analysis as well as elemental analysis and 

heir structure and analytical purity was determined. The char- 

cterization data of the complexes, [(L1) 2 Co(H 2 O) 2 ]Cl 2 ( C1 ) [85] ,

(L2) 2 Co(H 2 O) 2 ]Cl 2 ( C2 ) [86] , [(L3)CoCl 2 ] ( C3 ) [51] , [(L6)Co] ( C6 )

87] , [L7Co(H 2 O) 2 ] ( C7 ) [88] , [(L9) 2 Co] ( C9 ) [55] , [(L10)Co(H 2 O)]

 C10 ) [ 89 , 90 ], [(L11)Co(H 2 O)] ( C11 ) [ 89 , 91 ], [(L12)Co(H 2 O)] ( C12 )

89] , [(L13)Co(H 2 O) 2 ] ( C13 ) [92] , [(L14) 2 Co(H 2 O) 2 ] ( C14 ) [93] ,

(L15) 2 Co(H 2 O) 2 ] ( C15 ) [94] , [(L16H)CoCl(H 2 O) 2 ] ( C16 ) [95] and

(L17)Co(H 2 O) 2 ] ( C17 ) [96] were compared to the reported ana- 

ogues to confirm their structures. Solid state molecular structures 

f the complexes C4 and C8 were established by single crystal X- 

ay studies. 

.1.1. Molar conductivity measurements 

The molar conductance values of all the cobalt complexes (C1- 

20) were measured at room temperature in methanol solution 

ith 10 −3 mol/dm 

3 concentration. The ᴧ M 

values for the com- 

lexes, C1, C2 and C4 were found to be in the range of 126–132

hm 

−1 cm 

2 mol −1 and for C5 and C8 , in the range of 85–102 in-
7

icating the 1:2 and 1:1 electrolytic nature of the complexes re- 

pectively. While all the other complexes exhibited the ᴧ M 

values 

n the range 12–32 ohm 

−1 cm 

2 mol −1 suggesting their non-ionic 

ature [97–101] . 

.1.2. Infrared spectroscopy studies 

Infrared spectra of all the synthesized ligands and complexes 

ere recorded using KBr pellets in the range 40 0 0–550 cm 

−1 (see 

xperimental section for the data). The medium intensity absorp- 

ion bands observed in the range 320 0–350 0 cm 

−1 attributed to 

he -NH and/or -OH stretching vibrations (except L3 and L4 ) [50–

7] . Which in the case of complexes get broader and more in- 

ense due to the combined absorptions of the -OH stretching vi- 

ration of coordinated water molecule and -NH/-OH functionali- 

ies of the ligand backbone. Weak to medium intensity absorption 

ands observed around 290 0–30 0 0 cm 

−1 in all the ligands are as- 

igned to the aromatic (phenyl and/or heterocyclic) and aliphatic - 

H stretching vibrations. They remain mostly unaltered or masked 

nder the strong -OH/-NH absorption bands in the complexes. The 

bsorption corresponding to the azomethine group (C = N) stretch- 
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Table 1 

Orbital energy, HOMO-LUMO band gap (computational) and optical bang gap (from UV–Visible spectral data) values of the complexes C1-C21 ( solvent 

effects treated with polarizable continuum model, ǂ methanol, ǂǂ acetonitrile). 

Compound M06 method B3LYP method Optical band gap (from 

UV–Visible data) (eV) 
HOMO (eV) LUMO (eV) LUMO –HOMO (eV) HOMO (eV) LUMO (eV) LUMO –HOMO (eV) 

C1 −12.99 −7.79 5.20 −12.68 −7.92 4.76 4.62 

C2 −12.49 −7.63 4.86 −12.18 −7.75 4.43 4.55 

C3 −6.45 −0.96 5.48 −6.79 −0.89 5.89 4.01 

C4 −13.49 −6.72 6.77 −13.07 −6.74 6.33 4.30 

C4 ǂ −7.97 −1.31 6.66 −7.58 −1.14 6.44 4.30 

C4 ǂǂ −7.99 −1.32 6.67 −7.59 −1.15 6.44 4.30 

C5 −9.47 −4.96 4.51 −9.81 −4.79 5.02 3.89 

C6 −5.47 −0.55 4.92 −5.81 −0.88 4.93 4.80 

C7 −4.08 −1.27 2.81 −4.38 −1.60 2.78 2.18 

C8 −9.22 −4.40 4.82 −8.91 −4.55 4.36 4.42 

C9 −5.74 −1.97 3.77 −5.39 −2.11 3.28 2.75 

C10 −5.62 −1.89 3.73 −5.26 −2.05 3.21 3.22 

C11 −5.42 −1.28 4.14 −5.06 −1.45 3.61 4.41 

C12 −5.41 −1.07 4.34 −5.05 −1.26 3.79 4.38 

C13 −5.52 −1.28 4.24 −5.95 −1.24 4.71 3.82 

C14 −5.68 −1.79 3.88 −5.95 −1.61 4.34 3.35 

C15 −5.25 −1.15 4.10 −5.41 −1.16 4.25 4.62 

C16 −5.85 −2.10 3.75 −5.55 −2.24 3.31 3.50 

C17 −5.05 −1.23 3.83 −5.31 −1.51 3.80 3.35 

C18 −5.42 −0.65 4.78 −5.61 −0.96 4.64 4.39 

C19 −4.29 −1.43 2.87 −4.61 −1.78 2.82 2.11 

C20 −5.49 −1.82 3.67 −5.77 −1.58 4.19 3.10 

C21 – – – −4.08 −2.54 1.54 –
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ng vibrations (exocyclic and/or endocyclic), observed in the range 

650–1550 cm 

−1 in the ligands, undergo significant change in the 

omplexes, indicating the participation of azomethine groups in 

etal coordination. All the other characteristic absorption bands 

f the complexes, especially of the fingerprint region (1500–550 

m 

−1 ) were found to have apparent changes in the frequency and 

ntensity as compared to the corresponding ligands due to the 

teric and electronic alterations induced by metalation [ 51 , 55 , 85- 

6 ]. 

.1.3. NMR studies 

All the prepared ligands and the diamagnetic Co(III) complex, 

8 were duly characterized by the 1 H and 

13 C NMR spectroscopy 

except L6H 2 , where we couldn’t get good 

13 C NMR spectrum due 

o solubility issues). The chemical shift values are referenced to 

olvent residue signals of CDCl 3 or DMSO–d6 relative to the stan- 

ard SiMe 4 (see experimental section for the data) and compared 

ith the literature data to confirm the molecular structures [85–

6] . C8 , exhibited only one set of signals in the 1 H NMR and 

13 C

MR spectra indicating the symmetric nature of the complex [102] . 

.1.4. UV–Visible spectroscopy studies 

UV–Visible spectra of all the synthesized ligands (10 −3 M, in 

ethanol) and the corresponding cobalt (II) complexes (10 −4 M, in 

cetonitrile/dimethyl formamide) were recorded in the range 200 

900 nm and were compared with the electronic spectral data of 

he related compounds available in literature [50–67] . 

All the ligands typically exhibited two or three signals in the 

anges 200–230 nm, 260–300 nm and 340–410 nm correspond- 

ng to π- π ∗ and n- π ∗ transitions mainly associated with aromatic 

ing, azomethine, carbonyl or thiocarbonyl groups. These peaks ex- 

erience significant shift in the intensity and wavelength in the 

orresponding complexes due to the metal chelation. In some com- 

lexes, the ligand-metal charge transfer transitions were observed 

n the range 400–480 nm as medium to high intensity peaks. Com- 

lex C1 displayed three peaks at 563, 608 and 664 nm correspond- 

ng to the d -d transitions, whereas the complexes C2, C3, C4, C5, 

11, C12, C18 and C20 showed two peaks in the region 570–595 

nd 650–685 nm and the complexes C6, C8, C9, C10, C13, C14, C16, 

17 and C19 exhibited only one peak in the 520–685 nm region. 
8 
owever, in the case of complexes C7 and C15 , no d-d transitions 

ere observed. 

The UV–Visible data of most of these complexes demonstrate 

bsorption of light in the wavelength range of 400–480 nm, with 

igh molar absorption coefficient values, corresponding to the 

harge transfer transitions and in the range 50 0–70 0 nm, with 

edium molar absorption coefficient values, corresponding to d- 

 transitions. This broader absorption range of the complex-dye 

olecules make them suitable candidates for the solar cell sen- 

itizing applications [ 103 , 104 ]. 

The solution UV–Visible spectral data of the complexes was 

sed to calculate the optical band gap of the complexes, associated 

ith the direct allowed transitions via Tauc plot method [ 105 , 106 ]

nd the values obtained are tabulated in Table 1 . Fig. 3 shows the

V–visible spectrum of complex C4 in methanol and the corre- 

ponding Tauc plot. 

.1.5. Magnetic properties 

The effective magnetic moment values (μeff) of the com- 

lexes were calculated from the corresponding room tempera- 

ure magnetic susceptibility values obtained, using the formula 

eff = 2.828( χmT)1/2, where χm = molar susceptibility and 

 = temperature [107] . The μeff values of the complexes C10, C11 

nd C12 were found to in the range 2.41–2.71 BM indicating the 

resence of low-spin electronic state of cobalt (II) ion [85] . On the 

ther hand, μeff values for the tetrahedral complexes C3, C6, C7, 

13, C19 and C20 were found to be in the range 4.18–4.89 BM 

 51 , 88 , 92 ], for the penta-coordinated systems C9 and C17 in the

ange 4.38–4.84 BM [108] and for the octahedral complexes, C1, 

2, C4, C5, C14, C15, C16 and C18 in the range 4.42–4.96 BM 

 94 , 109 ]. These μeff values suggest the presence of high-spin state 

f the cobalt (II) ion in the corresponding complexes. Complex C8 

as found to be diamagnetic with cobalt (III) low-spin center [110] . 

hese experimentally corroborated spin-states of the cobalt centers 

ere considered in the DFT studies ( vide infra ). 

.1.6. Elemental analysis 

The carbon, hydrogen, nitrogen, cobalt and chloride analysis 

ata were found to be in best agreement with the proposed em- 

irical formulae of the prepared ligands and complexes ( Fig. 1 and 
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Fig. 3. UV-visible spectrum of complex C4 in acetonitrile and the corresponding Tauc plot. 

Fig. 4. Molecular structure of the complex C4 (ORTEP diagram - thermal ellipsoids 

set at 50% probability). Selected bond lengths and angles: Co1-O1 = 2.1069(10), 

Co1-N1 = 2.1135(11), Co1-N7 = 2.1269(11) Å. O1-Co1-N1 = 90.85(4), O1-Co1- 

N7 = 88.22(4), N1-Co1-N7 = 92.02(4), N7-Co1-N7 # = 180.0, N1-Co1-N1 # = 180.0 °. 
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ig. 2 ) and therefore confirm the analytical purity of the com- 

ounds. 

.1.7. X-ray diffraction studies 

A perspective view of the molecular structure of the complex 

4 along with the details of the selected bond lengths and angles 

s depicted in Fig. 4 . Asymmetric unit contains one molecule of 

igand L4 , one coordinated water molecule and one chloride ion. 

he main cationic complex is consisting of a N 4 O 2 coordinated 

o(II) species, having a slightly distorted octahedral geometry with 

he two bis(pyrazolyl) ligand ( L4 ) moieties binding in a bidentate 

ode via pyrazole nitrogen atoms. The corresponding Co-N bonds 

f the two trans-seated ligands are found to be the same indicat- 

ng the symmetric nature of the complex, however the Co-N bonds 

f the same ligand are slightly different (viz. Co1-N1 = 2.1135(11) 

nd Co1-N7 = 2.1269(11) Å). The bite angle of the bidentate ligand 

viz. N1-Co1-N7 = 92.02(4) o ) is found to be slightly wider than 

hat of the cobalt complex C3 bearing the corresponding methyl 
9 
ubstituted ligand [51] and a copper complex bearing the same 

igand [111] . Both the ligands form a characteristic, boat like, six 

embered metallocycles (viz. N1-N2-C6-N8-N7-Co1) with a dihe- 

ral angles between the planes (indicator of depth of the boat), 

1,N2,N8,N7/N2,C6,N8 = 125 ° and N1,N2,N8,N7/N1,Co1,N7 = 164 °
 51 , 101 ] 

Hydrogen bonding interactions between the chloride counter 

ons, coordinated water molecules and hydrogen atoms of the 

yrazole ring motif are found to lead to formation of a three- 

imensional network in the crystal structure ( Fig. 5 ). 

The solid-state structure of the cobalt complex C8 was de- 

ived from the X-ray diffraction data. The asymmetric unit con- 

ains two cationic molecues, one chloride ion, one hydroxy ion 

nd six water molecules. A perspective view of the molecular 

tructure of the main cationic complex along with the details of 

he selected bond lengths and angles is depicted in Fig. 6 . The 

ain cationic complex is consisting of a N 4 O 2 coordinated Co(III) 

pecies, having a slightly distorted octahedral geometry with the 

wo hydrated ligand moieties binding in a mono-anionic, tridentate 

ode. Similar to the earlier observations, the monoanionic ligand 

s found to stabilize the high oxidation state of the cobalt center 

viz, + 3), with the help of strong σ -donor oxygen atom [112–116] .

harge on the Co(III) is neutralized by two deprotonated hydroxyl 

roups of the hydrated ligand L8 and a counter chloride or hy- 

roxide anion [112–116] . The equatorial Co-N bond (viz. Co(1) –

(15) = 1.918(3) Ǻ) is found to be longer than the axial Co-O bond 

Co1 – O8 = 1.881(2) Ǻ). The trans-coordinated pyridyl rings as 

ell as the oxygen atoms are found to be perfectly linear as the 

etal ion sits on special position −1 ( � N1 # – Co1 – N1 = � O8

Co1 – O8 #1 = � N15 – Co1 – N15 #1 = 180.0 o ). The two puck- 

red five-membered metallocycles formed upon chelation have the 

ihedral angles � Co1 – N15 – C10 – C7 = −2.98 ° and � Co1 – N1 

C6 – C7 = 3.67 °. Hydrogen bonding interactions among the chlo- 

ide and hydroxide anions, coordinated oxygen atom and uncoor- 

inated hydroxy group of the ligand motif as well as the solvated 

ater molecules, led to the formation of a three-dimensional net- 

ork, which stabilizes the crystal structure ( Fig. 7 ). 

.2. HOMO-LUMO gaps from dft studies 

From the DFT optimized molecular structures (see experimen- 

al section for the details, Cartesian coordinates of the optimized 

tructures are provided in SI), the orbital energies and HOMO 
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Fig. 5. ORTEP diagram portraying three-dimensional hydrogen bonding network formation in C4 structure (thermal ellipsoids set at 50% probability; atomic color codes: gray 

– carbon, blue – nitrogen, red – oxygen, green – chlorine, mangenta – cobalt; projected hydrogen bond distances (bold dotted lines) are < 2.70 Å; only relevant molecules 

are shown). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Molecular structure of the main cationic complex C8 (ORTEP diagram - ther- 

mal ellipsoids set at 50% probability; counter anion and solvent molecules are re- 

moved for the clarity). Selected bond lengths and angles: Co1 – O8 = 1.881(2), Co1 

– N15 = 1.918(3), Co1 – N1 = 1.919(3) Ǻ. O8 – Co1 – O8 # = 180.0, O8 – Co1 –

N15 = 96.77(12), O8 # – Co1 – N15 = 83.23(12), O8 – Co1 – N15 # = 83.23(12), 

O8_1 # – Co1_1 – N15 # = 96.77(12), N(15) – Co1 – N15 # = 180.0, O8 – Co1 –

N1 # = 96.79(11), O8 # – Co1 – N1 # = 83.21(11), N15 – Co1 – N1 # = 88.51(13), 

N15 # – Co1 – N1 # = 91.49(13), O8 – Co1 – N1 = 83.21(11) o . 
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Fig. 7. ORTEP diagram portraying three-dimensional hydrogen bonding network 

formation in C8 structure (thermal ellipsoids set at 50% probability; atomic color 

codes: gray – carbon, blue – nitrogen, red – oxygen, green – chlorine, mangenta 

– cobalt; projected hydrogen bond distances (bold dotted lines) are < 3.00 Å; only 

relevant molecules are shown). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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highest occupied molecular orbitals) - LUMO (lowest occupied 

olecular orbitals) energy gap of the complexes were calculated 

nd are presented in the Table 1 . Interestingly, both the theo- 

etical methods provided similar values of the orbital energies 

nd HOMO-LUMO band gaps indicating the linear correlation be- 

ween the two methods used. These computational values were 

lso found to be comparable with the optical bandgap values of 

ll the complex-dyes, obtained from the Tauc plot analysis (vide 

upra) [117–119] . 

For an ideal dye sensitizer, in order to facilitate the electrons 

njection to the conduction band of semiconducting metal oxide as 

ell as to regain electrons from redox-electrolyte solution, HOMO 

nergy levels must be below the HOMO energy level of the elec- 

rolyte and the LUMO energy levels should have higher energy 

han that of the conduction band of the semi-conducting metal 

xide. It can be observed from Table 1 that the HOMO energy lev- 
10 
ls of all the cobalt complexes, except C7 and C19 , are sufficiently 

ower than the redox potential of the iodide/triiodide electrolyte 

i.e., −4.9 eV), indicating that the reduction of dye-molecules can 

e efficiently achieved by the oxidation of electrolyte in the pro- 

ess. On the other hand, The LUMO energy levels of all the synthe- 

ized metallo-dye molecules are higher than the conduction band 

f TiO 2 (i.e., −4.0 eV), indicating the high prospects for effective 

lectron injection from the excited state of the dye molecules to 

he conduction band of the semiconductor. In the case of com- 

lexes C1, C2, C4, C5 and C8 the LUMO energy levels were found 

o be slightly lower than that of the TiO 2 [120] . However, when the 

olvent effects of acetonitrile and methanol in the case of C4 were 
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Fig. 8. DFT optimized structure of complex C4 portraying (a) spatial distribution of HOMOs and (b) distribution of LUMOs. 

Fig. 9. Cyclic voltammogram of complex C4 measured in DMSO at the scan rate of 0.1 V/s. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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onsidered and treated with polarizable continuum model (PCM), 

 drastic change in their HOMO and LUMO energy levels was ob- 

erved. The new values were found to better fit the requirement 

f the good sensitizer. Fig. 8 portrays the spatial distribution of 

OMO and LUMOs in complex C4 . 

.3. Cyclic voltammetry study of complex C4 

Cyclic voltammetry study of complex C4 (10 −3 M, in DMSO) 

as carried out at room temperature using a three-electrode as- 

embly of pencil graphite (0.7 mm fine lead, working electrode), 
11 
latinum (auxiliary electrode), and aqueous Ag + /AgCl reference 

lectrode. Benzyltriethylammonium bromide (0.1 M) was used as 

upporting electrolyte. Voltammogram of the cobalt complex C4 

ecorded in DMSO, in the range −2.0 V to 2.0 V at the scan rate

f 0.1 V/s is depicted in Fig. 9 . 

Complex C4 exhibits a single anodic peak at −1.61 V corre- 

ponding to Co(II) → Co(III) oxidation. During the reverse scan two 

athodic peaks were observed, at −1.40 and −0.15 V correspond- 

ng to the reduction reactions. The molecular orbital energy levels 

nd energy band gap are calculated using the empirical relations 

 HOMO = [(E ox - E fer + 4.8] eV and E LUMO = E HOMO + E g , where
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Fig. 10. SEM image of TiO 2 layer on the FTO glass plate, (a) after annealing and (b) after sensitizing with the complex C4 ; FESEM cross-section image of TiO 2 layer on the 

FTO glass plate, (c) after annealing and (d) after sensitizing with the complex C4 . 

Fig. 11. Raman spectra of TiO 2 layer on the FTO glass plate(a) after annealing and (b) after sensitizing with the complex C4. 
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 HOMO and E LUMO are the HOMO and LUMO energy levels, E ox and 

 red are the oxidation and reduction potentials of the complex 

espectively, E g is the optical bandgap (obtained from UV-visible 

tudies), 4.8 is the reference energy level of ferrocene and E fer is 

he redox potential value of ferrocene couple measured vs. Ag/AgCl 

 = 0.38 eV) [121] . Based on the above equations, the HOMO and

UMO levels of the complex C4 are calculated to be −2.81 eV and 

1.49 eV respectively. 

.4. SEM and raman analysis 

The surface morphology and cross-sectional analysis of the TiO 2 

oated FTO glass plate was performed using a scanning electron 
12 
icroscope. The respective SEM images of TiO 2 coated FTO plate 

fter annealing ( Fig. 10 a and 10 c) and after dye-sensitizing with 

omplex C4 ( Fig. 10 b and 10d) are portrayed. Homogeneous dis- 

ribution of TiO 2 particles of the same grain size (average par- 

icle size 20 nm) can be observed. Thickness of the TiO 2 coat 

as found to be around 14 μm, which is well within the op- 

imal range used in DSS cells [ 122 , 123 ]. The Raman spectrum 

f the TiO 2 coated FTO plate ( Fig. 11 a) exhibited four character- 

stic peaks at 145, 395, 512 and 653 corresponding to the Ra- 

an active modes of pure anatase form of TiO 2 with symme- 

ries, E g , B 1g , A 1g and E g respectively [ 124 , 125 ]. Significant decrease

n the intensity and shifts observed in the Raman bands of TiO 2 

pon dye-sensitization ( Fig. 11 b) are attributed to the pronounced 
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Fig. 12. I–V curves of complex C4 (green) and standard N719 dye (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 

Table 2 

Experimental J-V characteristic values of complexes C1-C21 ∗ . 

Sl No. Complex-dye Voc(V) Jsc(mA/cm 

2 ) FF PCE (%) 

1 C1 0.39 0.14 38.38 0.044 

2 C2 0.38 0.13 48.10 0.048 

3 C3 0.25 0.11 26.83 0.014 

4 C4 0.60 0.52 47.64 0.294 

5 C5 0.43 0.36 44.19 0.135 

6 C6 0.38 0.12 30.54 0.027 

7 C7 0.25 0.09 30.90 0.083 

8 C8 0.20 0.75 27.20 0.008 

9 C9 0.24 0.80 30.67 0.120 

10 C10 0.33 0.10 27.10 0.018 

11 C11 0.29 0.05 27.01 0.009 

12 C12 0.26 0.05 33.90 0.008 

13 C13 0.25 0.06 38.77 0.012 

14 C14 0.36 0.11 38.60 0.030 

15 C15 0.14 0.22 29.04 0.017 

16 C16 0.38 0.09 30.20 0.019 

17 C17 0.25 0.08 35.60 0.015 

18 C18 0.35 0.19 23.40 0.030 

19 C19 0.14 0.09 33.16 0.009 

20 C20 0.29 0.11 22.03 0.012 

21 C21 0.21 0.06 27.12 0.008 

22 N719 0.69 1.60 48.04 1.073 

∗ Average of at least three experimental values. 
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nteraction between the TiO 2 and the complex-dye molecule 

4 [ 126 , 127 ]. 

.5. Dye sensitized solar cell devices power conversion efficiency 

tudies 

All the complexes ( C1 - C21 ) were employed as dyes (in 

ethanol) for the fabrication of dye-sensitized solar cell units and 

heir performance was evaluated by comparing their power con- 

ersion efficiency (PCE) obtained from the respective Current den- 

ity – Voltage (I–V) curves [128] . The solar cell parameters were 
13 
easured under illumination with 50 mW cm 

−2 (0.5 SUN) tung- 

ten lamp and the corresponding I–V characteristic values of the 

omplex-dyes are presented in Table 2 . Among the twenty one 

obalt complex systems investigated, three systems constituting 

f bis(1H-pyrazol-1-yl)methane ligand ( C4 , entry 4 in Table 2 ), 

,N’-di(pyridin-2-yl)formimidamide ligand ( C5 , entry 5 in Table 2 ) 

nd 1,3-bis(2-pyridylimino)isoindoline ligand systems ( C9 , entry 9 

n Table 2 ) exhibited comparatively better power conversion ef- 

ciency. It is interesting to note that, the solar cell unit sensi- 

ized with complex C4 exhibited the power conversion efficiency 

f 0.294%, which is about one fourth of the efficiency of the solar 

ell fabricated using the standard N719 dye under our optimized 

onditions (entry 22, Table 2 ) (See Fig. 12 ). The corresponding Voc 

nd fill factor values of this system are also comparable with the 

719-device. We are currently trying to understand the working 

echanism of these devices using theoretical and high-end ex- 

erimental techniques. Further attempts to improve the solar cell 

erformance by tuning the molecular and electronic structure the 

obalt-based photosensitizer C4 are currently undergoing in our 

aboratory. 

. Conclusion 

A series of cobalt-based complex-dye molecules comprising of 

arieties of ligand systems were synthesized and dully charac- 

erized by spectro-analytical techniques. From the DFT (M06 & 

3LYP functional methods) optimized molecular structures, the 

OMO-LUMO energy levels and electronic band gaps of all the 

omplexes were calculated and compared with the optical band- 

ap values obtained by the UV–Visible spectral data (and electro- 

hemical band-gap values in the case of C4 ). Among the twenty- 

ne compounds investigated in this work, a complex bearing 

is(pyrazolyl)methane ligand system ( C4 ) was found to exhibit 

igher power conversion efficiency, which is about 27% of the stan- 

ard N719 dye under our fabrication conditions. The Raman anal- 

sis of the Dye-sensitized TiO indicated a distinct interaction be- 
2 
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ween the TiO 2 and dye-molecule. Detailed studies are necessary 

o understand the mechanism of action of this cobalt-based solar 

ell sensitizer and to strategically tune its structural and electronic 

eatures to enhance its ability. 
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