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ABSTRACT 

Due to fascinating physical and photophysical properties, the Re(I) and Ru(II) metal 

complexes coordinated with small organic molecules, such as 2,2’-bipyridine, 1,10-

phenanthroline, 2,2’-bipyrazine derivatives, are very promising class of compounds in Dye 

Sensitized Solar Cells (DSSC) or (Grätzel Cell) for solar energy conversion for next-generation 

photovoltaic devices. Herein, we successfully prepared a series of Re(I) complexes 

[Re(dcbpy)(CO)3X, Re(dcbpz)(CO)3X, Re(5-COOHphen)(CO)3Cl, [Re(phen)(CO)3(py-

CH3COO)Re(phen)(CO)3]+ where X=Cl, Br, I, CN, SCN; dcbpy = 4-4'-dicarboxyl-2,2'-bipyridine; 

dcbpz = 5-5'-dicarboxyl-2,2'-bipyrazine; py-pyridine; 5-COOH-phen = 5-carboxyl-1,10-

phenanthroline, dafo =4,5 diazo fluorene-9-one], rhenium (I) tricarbonyl complexes with 

bipyrazine derivatives, [Re(bpz)(CO)3Cl, Re(Me-bpz)(CO)3Cl, Re(Me2-bpz)(CO)3Cl, 

Re((COOCH3)2-bpz)CO)3Cl, Re(pypz)(CO)3Cl] and Ru(II) metal complexes where 2,2'-

bipyrazine (bpz), 5-methyl-2,2'-bipyrazine (Me-bpz), 5,5'-dimethyl-2,2'-bipyrazine(Me2-bpz), 

dimethyl [2,2'-bipyrazine]-5,5'-dicarboxylate ((COOCH3)2-bpz), and 2-(pyridine-2-yl)pyrazine 

(pypz). 

 A simple and efficient synthetic route is presented for the synthesis of a series of pyrazine 

compounds coupled with bromo derivatives, which lead formation of the C-C bridged dimers. The 

structural, physical and photophysical properties of these compounds were thoroughly investigated 

by various analytical techniques. The band at lower energy observed, which shows the typical 

metal-to-ligand charge transfer (MLCT) due to the d → transitions consistent with Re(I) 

dicarboxylate-bipyridine systems located in the 390 nm to 436 nm region. Very interestingly these 

compounds showed long lifetimes ( > 50 ns) that can be attributed to anchoring dicarboxylate 

groups to TiO2 in DSSC. The optimum efficiency of these DSSC system is about 1%. 



viii 

TABLE OF CONTENTS 

Chapter     Page 

1. SCOPE OF STUDY .................................................................................................................... 1

1.1. The Future of Energy Supply for Global Need .................................................................... 1 

1.2. Basic Photophysics .............................................................................................................. 3 

1.2.1. The Interaction between Light and Matter.................................................................... 3 

1.2.1.1. Light ..................................................................................................................................... 3 

1.2.1.2. Matter and Interaction ........................................................................................................ 4 

1.2.2. Photophysical Properties ............................................................................................... 5 

    1.2.3. Dye-sensitized solar cells (DSSC) ................................................................................ 8 

1.3.1. Basic principles and historical background .................................................................. 9 

1.3.2. Typical Structure of DSSC ......................................................................................... 10 

1.3.3. Interpretation of I-V Curves........................................................................................ 14 

1.3.4. Design of Dye Complexes .......................................................................................... 15 

1.4. Scope of the Present Work ................................................................................................. 17 

2. SYNTHESIS AND CHARACTERIZATION OF DERIVATIVES OF DIIMINE
    BIDENTATE LIGANDS.......................................................................................................... 19 

2.1. Introduction ........................................................................................................................ 19 

2.2. Experimental details........................................................................................................... 21 

2.2.1. Materials: .................................................................................................................... 21 

2.2.2. Characterization: ......................................................................................................... 22 

2.2.3. Preparation Procedures ............................................................................................... 23 

2.2.3.1. Preparation of 4,4’-dicarboxy-2,2’-bipyridine (dcbpy) (2). ................................................ 23 

2.2.3.2. Preparation of 5,6-epoxy-phen (4). ................................................................................... 23 

2.2.3.3. Preparation of 5-CN-phen (5). ........................................................................................... 24 

2.2.3.4. Preparation of 5-COOH-phen (6). ...................................................................................... 24 

2.2.3.5. Preparation of 5-NH2CO-phen (7). ..................................................................................... 25 

2.2.3.6. Preparation of dafo (8). ..................................................................................................... 25 

2.2.3.7. Preparation of 9-Mdafo (9). ............................................................................................... 26 

2.2.3.8. Preparation of 4-COOCH3-py (11). ..................................................................................... 27 

2.2.3.9. Preparation of 2-bromopyrazine (15).71 ............................................................................ 27 



ix 

TABLE OF CONTENTS (continued) 

    Page 

2.2.3.10. Preparation of 2-(tributylstannyl)pyrazine (16). .............................................................. 28 

2.2.3.11. Preparation of 2,2’-bipyrazine (17).75 .............................................................................. 28 

2.2.3.12. Preparation of 2-(tributylstannyl) pyridine (18). ............................................................. 29 

2.2.3.13. Preparation of 2-(pyridin-2-yl) pyrazine (19). .................................................................. 29 

2.2.3.14. Preparation of methyl-5-methylpyrazine-2-carboxylate (20).76 ...................................... 30 

2.2.3.15. Preparation of 5-methylpyrazine-2-carboxamide (21). ................................................... 31 

2.2.3.16. Preparation of 2-amino-5-methylpyrazine (22). .............................................................. 31 

2.2.3.17. Preparation of 2-bromo-5-methylpyrazine (23). ............................................................. 32 

2.2.3.18. Preparation of 2-(tributylstannyl)-5-methylpyrazine (24). .............................................. 32 

2.2.3.19. Preparation of 5 methyl-2,2’-bipyrazine (25). ................................................................. 33 

2.2.3.20. Preparation of 2-methyl-5-(pyridine-2-yl) pyrazine (26). ................................................ 34 

2.2.3.21. Preparation of 5,5’-dimethyl-2,2’-bipyrazine (27). .......................................................... 34 

2.2.3.22. Preparation of [2,2’-bipyrazine]-5,5’-dicarboxylic acid (28). ........................................... 35 

2.2.3.23. Preparation of dimethyl [2,2'-bipyrazine]-5,5'-dicarboxylate (29). ................................. 36 

2.3. Results and Discussion ...................................................................................................... 36 

2.3.1. Syntheses: ................................................................................................................... 36 

2.3.2. Reaction Mechanisms ................................................................................................. 41 

2.3.3. X-Ray Structure Information ...................................................................................... 43 

2.4. Conclusion ......................................................................................................................... 49 

3. SYNTHESIS AND CHARACTERZATION OF RHENIUM(I) 4,4’- DICARBOXY-2,2’-
    BIPYRIDINE TRICARBONYL COMPLEXES ...................................................................... 50 

3.1. Introduction ........................................................................................................................ 50 

3.2. Experimental Section ......................................................................................................... 51 

3.2.1. Materials ..................................................................................................................... 51 

3.2.2. Measurements ............................................................................................................. 51 

3.2.3. Preparation Procedure ................................................................................................. 53 

3.2.3.1. Preparation of Re(dcbpy)(CO)3I (1). ................................................................................... 53 

3.2.3.2. Preparation of Re(dcbpy)(CO)3Br (2). ................................................................................ 54 

3.2.3.3. Preparation of Re(dcbpy)(CO)3Cl (3). ................................................................................. 54 

Chapter



x 

TABLE OF CONTENTS (continued) 

Chapter     Page 

3.2.3.4. Preparation of Re(dcbpy)(CO)3SCN (4). ............................................................................. 54 

3.2.3.5. Preparation of Re(dcbpy)(CO)3CN (5). ............................................................................... 55 

3.2.3.6. Preparation of Re(dcbpy)(CO)3F (6). .................................................................................. 55 

3.3. RESULTS AND DISCUSSION: ....................................................................................... 56 

3.3.1. Syntheses and Characterization .................................................................................. 56 

3.3.2. Vibrational Properties ................................................................................................. 57 

3.3.3. 1H NMR Properties ..................................................................................................... 58 

3.3.4. Absorption Properties ................................................................................................. 60 

3.3.4..1 Base Titrations. .................................................................................................................. 61 

3.3.5. Emission Properties and Quantum Yields .................................................................. 64 

3.4. Conclusion ......................................................................................................................... 67 

4. DESIGN, SYNTHESIS, AND STUDY OF PHOTOPHYSICAL PROPERTIES OF 1,10-
    PHENANTHROLINE COMPLEXES ..................................................................................... 68 

4.1. Introduction ........................................................................................................................ 68 

4.2. Experimental Section ......................................................................................................... 69 

4.2.1. Materials ..................................................................................................................... 69 

4.2.2. Measurements ............................................................................................................. 70 

4.2.2.1. Crystallography .................................................................................................................. 72 

4.2.3.1. Preparation of Re(phen)(CO)3Cl (1). .................................................................................. 72 

4.2.3.2. Preparation of Re(5,6-epoxy-phen)(CO)3Cl (2). ................................................................. 73 

4.2.3.3. Preparation of Re(5-CN-phen)(CO)3Cl (3). ......................................................................... 73 

4.2.3.4. Preparation of Re(5-COOH-phen)(CO)3Cl (4). .................................................................... 74 

4.2.3.5. Preparation of Re(5-NH2CO-phen)(CO)3Cl (5). ................................................................... 74 

4.2.3.6. Preparation of [Re(5-NH2CO-phen)(CO)3(py)](CF3SO3) (6). ................................................ 75 

4.2.3.7. Preparation of Re(dafo)(CO)3Cl (7). ................................................................................... 75 

4.2.3.8. Preparation of [Re(dafo)(CO)3(4-COOCH3-py)](PF6) (8). .................................................... 76 

4.2.3.9. Preparation of [Re(dafo)(CO)3(4-COOH-py)](PF6) (9). ........................................................ 76 

4.2.3.10. Preparation of Re(9-Mdafo)(CO)3Cl (10). ......................................................................... 77 



xi 

TABLE OF CONTENTS (continued) 

Chapter     Page 

4.3. Results and Discussion ...................................................................................................... 77 

4.3.1. Chemical structures of the Ligands and complexes .................................................... 77 

4.3.2. Synthesis of Rhenium complexes ............................................................................... 79 

4.3.3. X-Crystal Data ............................................................................................................ 81 

4.3.4. Electronic/Emission Spectra ....................................................................................... 84 

4.3.5.1. Absorption ......................................................................................................................... 84 

4.3.5.2. Emission properties ........................................................................................................... 87 

4.3.5. Cyclic Voltammetry .................................................................................................... 89 

4.4. Conclusion ......................................................................................................................... 90 

5. SYNTHESIS, STRUCTURES AND CHARACTERISZATION OF MONOMERIC AND
ISONICOTINATE BRIDGED Re(I) TRICARBONYL COMPLEXES CONTAINING

 DIIMINE LIGANDS ................................................................................................................ 91 

5.1. Introduction ........................................................................................................................ 91 

5.2. Experimental Section ......................................................................................................... 91 

5.2.1. Materials ..................................................................................................................... 91 

5.2.2. Instrumentation and Physical Measurements.............................................................. 92 

5.2.3. Computational Technique ........................................................................................... 93 

5.2.3.1. Method Exploration. .......................................................................................................... 93 

5.2.3.2. Computational Details ....................................................................................................... 93 

5.2.4. Synthetic Procedures ................................................................................................... 94 

5.2.4.1. Preparation of {[Re(phen)(CO)3]2(isonic)}(OTf) (1). ........................................................... 94 

5.2.4.2. Preparation of {[Re(bpy)(CO)3]2(isonic)}(PF6) (2). .............................................................. 95 

5.2.4.3. Preparation of {[Re(bpz)(CO)3]2(isonic)}(OTf)·2C2H5OH (3). .............................................. 96 

5.2.4.4. Preparation of [Re(phen)(CO)3(4-COOCH3-py)](PF6) (4). ................................................... 96 

5.2.4.5. Preparation of [Re(phen)(CO)3(isonicotinic acid)](PF6) (5). ............................................... 97 

5.2.4.6. Preparation of [Re(phen)(CO)3(py)](OTf) (6). .................................................................... 97 

5.2.4.7. Preparation of [Re(bpy)(CO3)(py)](OTf) (7). ....................................................................... 98 

5.2.4.8. Preparation of [Re(bpz)(CO3)(py)](OTf) (8). ....................................................................... 98 

5.2.4.9. Preparation of Re(phen)(CO)3(OAc) (9). ............................................................................ 99 

5.2.4.10. Preparation of Re(bpy)(CO)3(OAc) (10). ........................................................................... 99 



xii 

TABLE OF CONTENTS (continued) 

Chapter     Page 

5.2.4.11. Preparation of Re(bpz)(CO)3(OAc) (11). ......................................................................... 100 

5.3. Results and Discussion .................................................................................................... 101 

5.3.1. Preparation of Complexes ......................................................................................... 102 

5.3.2. X-Ray Diffraction Crystallography Determination .................................................. 105 

5.3.3. Geometry Optimization. ........................................................................................... 109 

5.3.4. Singlet excited electronic states ................................................................................ 111 

5.3.5. Absorption and Emission Properties ......................................................................... 114 

5.3.5.1. Absorption ....................................................................................................................... 114 

5.3.5.2. Emission ........................................................................................................................... 117 

5.4. Summery .......................................................................................................................... 122 

6. SYNTHESIS, CHARACTERIZATION AND PHOTOPHYSICAL PROPERTEIS OF
RHENIUM(I) -2,2’-BIPYRAZINE TRICARBONYL AND  RUTHENIUM(II)

    COMPLEXES ......................................................................................................................... 124 

6.1. Introduction ...................................................................................................................... 124 

6.2. Experimental .................................................................................................................... 126 

6.2.1. Materials ................................................................................................................... 126 

6.2.2. Measurements ........................................................................................................... 127 

6.2.3. Preparations............................................................................................................... 127 

6.2.3.1. Re(bpz)(CO)3Cl (1). ........................................................................................................... 127 

6.2.3.2. Re(Mebpz)(CO)3Cl (2). ...................................................................................................... 128 

6.2.3.4. Re(Me2bpz)(CO)3Cl (3)...................................................................................................... 128 

6.2.3.4. Re((COOCH3)2bpz)(CO)3Cl  (4). ......................................................................................... 128 

6.2.3. 5. Re((COOC2H5)2bpz)(CO)3Cl (5). ........................................................................................ 129 

6.2.3.6. Re((COOH)2bpz)(CO)3Cl (6). .............................................................................................. 129 

6.2.3.7. Re(pypz)(CO)3Cl (7). ......................................................................................................... 129 

6.2.3.8. Re(Mepzpy)(CO)3Cl (8). .................................................................................................... 130 

6.2.3.9. [Re(pypz)(CO)3py]OTf (9). ................................................................................................ 130 

6.2.3.10. Ru(bpz)2Cl2·2H2O (10)..................................................................................................... 130 

6.2.3.11. Ru(bpz)2CO3 (11). ........................................................................................................... 131 

6.2.3 .12. [Ru(bpz)2((COOH)2bpz)](PF6)2 (12). ............................................................................... 131 



xiii 

TABLE OF CONTENTS (continued) 

Chapter     Page 

6.2.3.13. Ru(bpy)2CO3 (13). ........................................................................................................... 133 

6.2.3 .14. [Ru(bpy)2((COOH)2bpy)](PF6)2 (14). ............................................................................... 133 

6.3. Results and Discussion: ................................................................................................... 135 

6.3.1. Synthesis ................................................................................................................... 136 

6.3.2. Absorption and Emission properties ......................................................................... 138 

6.3.2.1. Absorption ....................................................................................................................... 138 

6.3.2.2. Emission properties. ........................................................................................................ 142 

6.4. Conclusion. ...................................................................................................................... 144 

7. APPLICATIONS .................................................................................................................... 146

7.1. Introduction ...................................................................................................................... 146 

7.2. Experimental .................................................................................................................... 147 

7.2.1. Materials ................................................................................................................... 147 

7.2.2. Measurements ........................................................................................................... 148 

7.2.3. Preparation of Solar Cells ......................................................................................... 148 

7.3. Cell Performance ............................................................................................................. 148 

7.3.1. Re(dcbpy)(CO)3X, X = I–, Br–, Cl–, SCN–, CN–, F–, Dyes ....................................... 149 

7.3.2. Re(phen) Dyes .......................................................................................................... 151 

7.4. Conclusion ....................................................................................................................... 153 

REFERENCES ........................................................................................................................... 154 



xiv 

LIST OF TABLES 

Table      Page 

 2.1 Experimental structure details of pyrazine derivatives 20-23........................................... 43 

2.2 Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) Measured 
Using X-Ray Crystallography........................................................................................... 45 

2.3 Experimental structure details of heterocyclic biaryl compounds 17, 19 & 26 ................ 46 

2.4 Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) Measured 
Using X-Ray Crystallography........................................................................................... 48 

3.1 Table X 1H NMR chemical shifts of protons for Re(dcbpy)(CO)3X, where X = I, 
Br, Cl, SCN, complexes in neat d6-DMSO, and acid and basic d6-DMSO .................. 58 

3.2  Absorption spectra of Re(dcbpy)(CO)3X, X = I, Br, Cl, SCN, CN, F

determined in 4:1 (v/v) ethanol/methanol at room temperature. TEA = 
Trimmethylamine; MLCT = Metal-to-ligandcharge transfer; LC = Ligand-
centered; Super scripts denote the major contributing moity ........................................... 61 

3.3 UV-Vis titration of Complex 1 with TEA base solution .................................................. 63 

3.4  Molar ratios of the complex 1 with TEA stock solution .................................................. 64 

3.5 Emission properties of Re(dcbpy)(CO)3X, X = I, Br, Cl, SCN, CN, F 
complexes determined in neutral, acidic and basic 4:1 (v/v) ethanol/methanol at 
room temperature .............................................................................................................. 65 

4.1 Summary of crystal data, intensity, collection, and structure refinement for 
complexes. Re(phen)(CO)3Cl (1), Re(5,6-epoxy-phen)(CO)3Cl (2), Re(5-NH2CO-
phen)(CO)3Cl (5), [Re(5-NH2CO-phen)(CO)3py]PF6 (6) ................................................. 81 

4.2 Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) of complex 1, 
2, 5 and 6 Measured Using XRD Crystallography ........................................................... 82 

4.3 UV/Visible spectra of Re(I) series complexes 1-10. MLCT = metal-to-ligand 
charge transfer; LC= ligand-centered; Superscripts denote the major contributing 
moiety ............................................................................................................................... 85 

4.4 Emission and lifetimes of Re(I) series of complexes........................................................ 88 

4.5 Potential Couples of Re(I) series of complexes ................................................................ 90 



 

xv 
 

LIST OF TABLES (continued) 
 
Table                                                                                                 Page 
 
5.1  Summary of crystal data, intensity, collection, and structure refinement for 

complexes, 1, 4, 6, 9 ....................................................................................................... 106 

5.2  Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) of complex 
1,4,6 and 9 Measured Using XRD Crystallography and Optimized Using the 
B3PBE/TZVP-QZV-P/CPCM Method in the Singlet Ground State (SGS) and 
Lowest-Lying Triplet State (LLTS) ................................................................................ 108 

5.3  Lowest-lying Triplet States (LLTS) (in eV and in parentheses in nm) of Isolated 
Molecules Fully Optimized in Acetonitrile Solvent Using the TD-
DFT/B3PBE/TZVP-QZV-P/CPCM Method. The LLTS type is assigned based on 
the distribution of the 2 unpaired electrons, labeled as spin densities (ρs, in |e|) 
among the Re atom and the 1,10-phenanthroline (phen), nicotinic acid (NA), and 
CO ligands. The spatial spin density distributions are presented in Figure 5.3 .............. 110 

 5.4  Singlet Excited States (SES) (in eV and in parentheses in nm) with Oscillator 
Strength (f) Higher Than 0.009 of Isolated Molecules in Acetonitrile Solvent 
Calculated as Vertical Electronic Transitions Using the TD-DFT/B3PBE/TZVP-
QZV-P/CPCM Method. The transition types are assigned based on the major 
contributing electronic transitions with percentages listed in parentheses.  MLCT = 
metal-to-ligand charge transfer; LC= ligand-centered; MLLCT = metal-and-ligand-
1-to-ligand-2 charge transfer (see subscripts for ligand 1 and ligand 2); Subscripts 
denote the major contributing moiety ............................................................................. 111 

5.5  Absorption maxima (nm) and absorption coefficients (M-1cm-1) in parentheses for 
the rhenium complexes ................................................................................................... 114 

5.6  Emission maxima and emission quantum yields of complexes 1-10 in acetonitrile 
at room temperature ........................................................................................................ 118 

5.7  E
1/2

-values (V) determined by cyclic voltammetry for the rhenium tricarbonyl 
diamine acetate and pyridine monomers and the isonicotinate bridged dimers ............. 122 

6. 1  UV/Visible spectra for Re(I) series complexes 1-10. MLCT = metal-to-ligand 
charge transfer; LC= ligand-centered; Subscripts denote the major contributing 
moiety ............................................................................................................................. 138 

6.2  UV/Visible spectra for Ru(II) complexes 12, 14. MLCT = metal-to-ligand charge 
transfer; LC= ligand-centered; Subscripts denote the major contributing moiety .......... 141 

6.3  Emission maxima and emission quantum yields for Re(I) complexes in acetonitrile 
at room temperature ........................................................................................................ 142 



 

xvi 
 

 

LIST OF TABLES (continued) 
 
Table                                                                                                 Page 
 
6.4  Emission maxima and emission quantum yields of complexes 12, 14 in 4:1 (v/v) 

ethanol/methanol at room temperature. .......................................................................... 144 

7.1  Summary of J-V data for Re(dcbpy)(CO)3X. X = I–, Br–, Cl–, SCN–, CN–, F–. ............. 150 

7.2  Summary of J-V data for Re(dcbpy)(CO)3X. X = I–, Br–, Cl–, SCN–, CN–, F– .............. 151 

7.3  Photovoltaic performance for cells based on I-/I3- electrolyte under AM 1.5 
illumination for Re(I) complexes 4, 9, 10. ...................................................................... 152 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 

xvii 
 

LIST OF FIGURES 

Figure                              Page 

1.1 Total world energy in fraction 2016.  
http://www.columbia.edu/~mhs119/EnergyConsump/ ....................................................... 1 

1.2 Illustration of electromagnetic wave with electric (red) and magnetic (blue) field 
vectors perpendicular to the propagation direction (black line) 
http://community.asdlib.org/imageandvideoexchangeforum/files/2013/07/Figure1
0.2.jpg ................................................................................................................................. 3 

 1.3 Jablonski diagram illustrating electronic levels (black lines), vibrational levels (red 
lines) and electronic transitions in a molecule. A is Steady-state absorption, TA is 
Transient absorption, F is fluorescence, P is phosphorescence, VR is vibrational 
relaxation, IC is internal conversion, and ISC is intersystem crossing. Solid 
(vertical) and dashed lines represent radiative and non-radiative decay, respectively
............................................................................................................................................. 6 

1.4  A Typical view of Charge Separation Diagram of Re(I) Complexes. Vibrational 
levels (red lines), IC is internal conversion, and ISC is intersystem crossing, h is 
the absorption energy h’ is the emitting energy. Solid (vertical) and kr represent 
radiative decay and knr non-radiative decay respectively ................................................... 7 

1.5 Schematic overview of a dye-sensitized solar cell ........................................................... 11 

1.6  Schematic diagram of a DSSC showing principles of electron transfer (Adapted 
from Dye Sensitized Solar Cell by Kuppuswamy Kalyanasundaram) ............................. 12 

1.7  Characteristic I-V Graph of a DSSC ................................................................................ 14 

1.8  Charge separation diagram of Re(I) metal complexes with TiO2 semiconductor ............ 16 

3.1  IR spectra of Re(dcbpy)(CO)3X complexes, X = ─ I, ─Br, ─ Cl, ─ SCN ................ 57 

3.2  1H NMR spectra of Re(dcbpy)(CO)3I complexes in neat d6-DMSO and basic d6- 
DMSO ............................................................................................................................... 59 

3.3  Visible/UV spectra of Re(dcbpy)(CO)3X complexes in 4:1 (v/v) ethanol/methanol 
at room temperature. X = X = ─ I, ─ Br, ─ Cl, ─ SCN, ─ CN, ─ F ....................... 60 

3.4  Absorption spectra of Re(dcbpy)(CO)3I complexes in 4:1 (v/v) ethanol/methanol 
addition of TEA ................................................................................................................ 62 

3.5  Absorption spectra of Re(dcbpy)(CO)3I complexes in 4:1 (v/v) ethanol/methanol 
addition of TEA ................................................................................................................ 63 



 

xviii 
 

LIST OF FIGURES (continued) 

Figure                              Page 

3.6  Emission spectra of Re(dcbpy)( CO)3X complexes in 4:1 (v/v) ethanol/methanol at 
room temperature X = X = ─ I, ─ Br, ─ Cl, ─ SCN, ─ CN, ─ F ............................ 65 

3.7  Emission spectra of Re(dcbpy)(CO)3X complexes in 4:1 (v/v) ethanol/methanol at 
77 K temperature X = X = ─ I, ─ Br, ─ Cl, ─ SCN, ─ CN, ─ F ............................ 66 

3.8 Emission spectra of Re(dcbpy)(CO)3Cl complexes in 4:1 (v/v) ethanol/methanol at 
room temperature and 77 K .............................................................................................. 66 

4.1  Chemical structures of ligands and complexes: 1) Re(phen)(CO)3Cl; 2) Re(5,6-
epoxy-phen)(CO)3Cl; 3) Re(5-CN-phen)(CO)3Cl; 4) Re(5-COOH-phen)(CO)3Cl;  
5) Re(5-H2NCO-phen)(CO)3Cl 6) [Re(5-H2NCO-phen)(CO)3(py)]+PF6

- 7) 
Re(dafo)(CO)3Cl 8) [Re(dafo)(CO)3(4-COOCH3-py)]+OTf- 9) [Re(dafo)(CO)3(4-
COOH-py)]+PF6

- 10) [Re(9-Mdafo)(CO)3Cl .................................................................... 78 

4.2 Mercury diagram at 50% probability of complexes. Re(phen)(CO)3Cl (1); Re(5,6-
epoxy-phen)(CO)3Cl (2); Re(5-NH2CO-phen)(CO)3Cl (5); [Re(5-NH2CO-
phen)(CO)3py]PF6 (6). Color scheme: .............................................................................. 83 

4.3 Comparison of absorption spectra of Re(I)-phen derivatives complexes 1-5 in 
acetonitrile: ─ Re(phen)(CO)3Cl; ─ Re(5,6-epoxy-phen)(CO)3Cl (2);  ─ Re(5-CN-
phen)- (CO)3Cl(3);  ─ Re(5-COOH-phen)(CO)3Cl (4); ─ Re(5-NH2CO-
phen)(CO)3Cl .................................................................................................................... 86 

4.4 Comparison of absorption spectra of Re(I)-phen and Re(I) dafo derivatives, 
complexes 5-10 in acetonitrile: ─ Re(5NH2-phen(CO)3(py)]+; ─ Re(dafo)(CO)3Cl;                      
─ Re(dafo)(CO)3(CH3COO-py)]+; ─ [Re(dafo)(CO)3(COOH-py)]+;  ─ Re(9-
Mdafo)(CO)3Cl ................................................................................................................. 86 

4.5 Comparison of a emission spectra of Re(I) series complexes 1-5: ................................... 88 

4.6  Comparison of emission spectra of Re(I) dafo series complexes 7-9:.............................. 89 

 

 

 

 

 



 

xix 
 

LIST OF FIGURES (continued) 

Figure                              Page 

5.1  Re(I) complexes: 1) [{Re(phen)(CO)3}2(isonic)]+(OTf)-; 2) [{Re(bpy)(CO)3}2 
(isonic)]+(OTf)-; 3) [{Re(bpz)(CO)3}2(isonic)]+(OTf)-; 4)[Re(phen)(CO)3(4-
COOCH3)-py]+(PF6)-; 5) [Re(phen)(CO)3(4-COOH)-py]+PF6

-; 6) 
[Re(phen)(CO)3(py)]+(OTf)-; 7) [Re(bpy)(CO)3(py)]+(OTf)-; 8) 
[Re(bpz)(CO)3(py)]+(OTf)-;  9) Re(phen)(CO)3(OAc), 10) Re(bpy)(CO)3(OAc), 
11) Re(bpz)(CO)3(OAc).................................................................................................. 101 

5.2  Mercury drawings at 50% probability for {[Re(phen)(CO)3]2( 4-COO-py)}+ (1), 
[Re(phen)(CO)3(4-COOCH3-py)]+ (4),   [Re(phen)(CO)3(py)]+ (6) and  
Re(phen)(CO)3(OAc) (9) ................................................................................................ 109 

5.3 Electron Spin Density Distributions Around the Complexes Plotted at Isovalue of 
0.003 e/Å3 for the LLTS of Isolated Molecules in Acetonitrile Solvent Computed 
Using the B3PBE/TZVP-QZV-P/CPCM Method. The α and β spin densities are 
shown as tan and green color meshes, respectively ........................................................ 110 

5.4  Spatial Distributions of the HOMO, HOMO-1, and LUMO of the Complexes 
Plotted at an Isovalue of 0.03 au for the SGS of Isolated Molecules in Acetonitrile 
Solvent Computed Using the B3PBE/TZVP-QZV-P/CPCM Method. Red and 
green isosurface colors denote + and – nodes, respectively. The initial structure is 
built based on the X-ray crystal structure and fully optimized ....................................... 114 

5.5  Comparison of absorption spectra of Re(I) isonicotinate dimer with  bidentate 
ligands, phen (1), bpy (2), and bpz (3), respectively: ─ 
{[Re(phen)(CO)3]2(isonic)}+:       ─ {[Re(bpy)(CO)3]2-(isonic)}+; ─ 
{[Re(bpz)(CO)3]2(isonic)}+............................................................................................. 115 

5.6  Comparison of absorption spectra of rhenium(I) pyridine derivatives with bidentate 
ligands, 1,10-phenanthroline (4, 5, 6), bipyridine (7), and bipyrazine (8) 
respectively:                  ─ [Re(phen)(CO)3(4-COOCH3-py)]+; ─ [Re(phen)(CO)3(4-
COOH-py )]+;                                    ─ [Re(phen)(CO3)(py)]+; ─ [Re(bpy)(CO3)(py)]+, 
─ [Re(bpz)(CO3)(py)]+ ................................................................................................... 116 

5.7  Comparison of absorption spectra of rhenium(I) acetate monomer with bidentate 
ligands, 1,10-phenanthroline (9), bipyridine (10), and bipyrazine (11) respectively:                     
─ Re(phen)(CO)3(OAc); ─ Re(bpy)(CO)3(OAc); ─ Re(bpz)(CO)3(OAc) .................... 116 

5.8  Comparison of absorption spectra of Re(I) bipyrazine complexes with pyridine (8) 
and acetate (11) coordination and monomers correspondent to that of the dimer: ......... 117 

 



 

xx 
 

LIST OF FIGURES (continued) 

Figure                              Page 

5.9  Comparison of normalized emission spectra for (a) Re(phen)(CO)3X derivatives (X 
= OAc and x-py) to the dimer, ─ {[Re(phen)(CO)3]2(isonic)}+; ─ 
[Re(phen)(CO)3(py)]+; .................................................................................................... 119 

5.10 Comparison of normalized emission spectra for (a) Re(bpz)(CO)3L derivatives (L 
= py) to the dimer, ─ {[Re(bpz)(CO)3]2(isonic)}+; ─ [Re(bpz)(CO)3(py)]+  and (b) 
comparison of normalized emission spectra of the dimers. ─ 
{[Re(phen)(CO)3]2(isonic)}+;   ─ {[Re(bpy)(CO)3]2-(isonic)}+; ─ 
{[Re(bpz)(CO)3]2(isonic)}+............................................................................................. 120 

5.11  The compression of relative absorbance and emission energy diagram for Re(I) 
bidentate complexes, phen, bpy, bpz. ............................................................................. 120 

5.12  Cyclic voltammograms for (a) rhenium bipyrazine monomers and (b) rhenium 
bipyridine monomers ...................................................................................................... 121 

5.13 a. ORTEP of dimer, b. Calculated electron spin density distributions for the LLTS of 
the dimer, c. Spatial distribution of the HOMO for the dimer, d. Spatial distribution 
of the LUMO for the dimer. ............................................................................................ 123 

6.1  Comparison of absorption spectra of Re(I)-bpz derivatives complexes 1-5 in 
acetonitrile: ─ Re(bpz)(CO)3Cl; ─ Re(Mebpz)(CO)3Cl; ─ Re(Me2bpz)(CO)3Cl; 
Re((COOCH3)2-bpz)(CO)3Cl; ─ Re((COOH)2bpz)(CO)3Cl .......................................... 139 

6.2  Absorption spectra of Re(I) complexes: ─ Re(bpz)(CO)3Cl; ─ Re(pzpy)(CO)3Cl;    
─ Re(bpy)(CO)3Cl. ......................................................................................................... 140 

6.3  Comparison of absorption spectra of Ru(II) complexes, ─ [Ru(bpy)2dcbpy] (PF6)2; 
a ─ [Ru(bpz)2((dcbpz)]2(PF6) ......................................................................................... 141 

6.4  Comparison of normalized emission spectra for (a) Re(L-L)(CO)3Cl derivatives (L-
L = bpz, Mebpz, Me2bpz), ─ Re(bpz)(CO)3Cl; ─ Re(Mebpz)(CO)3Cl; ─ 
Re(Me2bpz)(CO)3Cl and (b) comparison of normalized emission spectra of Re(L-
L)(CO)3Cl complexes, where L-L is pypz, Mepzpy,  ─ Re(pypz)(CO)3Cl; ─ 
Re(mepzpy)(CO)3Cl;  ─ Re(pypz)(CO)3Cl .................................................................... 143 

6.5  The emission spectra of ─ [Ru(bpy)2dcbpy](PF6)2 ........................................................ 144 

 

 



 

xxi 
 

LIST OF FIGURES (continued) 

Figure                              Page 

7.1  A Schematic illustration of dye-sensitized solar cell. The anode of a DSSC consists 
of a glass plate which is coated with a transparent conductive fluorine doped tin 
oxide. The dye is attached to anodic side when the sunlight passed through it. The 
tri-iodide electrolyte is used between the two electrodes ............................................... 147 

7.2  a) Incident photon to current efficiency for Re(dcbpy)(CO)3X, X = ─ I (1), ─ Br 

(2), ─ Cl (3), ─ SCN (4), ─ CN (5), ─ F (6).  b)  Current-voltage curves for 
Re(dcbpy)(CO)3X.  X = ─ I (1), ─ Br (2), ─ Cl (3), ─ SCN (4), ─ CN (5), ─ 
F (6) ............................................................................................................................... 150 

7. 3 a) Incident photon to current efficiency for Re(I) phen complexes with comparing 
N3 Dye, ─ N3 Dye;  ─ Re(5-COOH-phen)(CO)3Cl (4); ─ 
Re(dafo)(CO)3(Isonicotinate)]+ (9);         ─ Re(9-Mdafo)(CO)3Cl (10); b) 
Photocurrent density-voltage characteristics under AM 1.5 full sunlight (100 mW 
cm-2) for complexes ─ Re(5-COOH-phen)(CO)3Cl(4); ─ Re(dafo)(CO)3- 
(Isonicotinate) ]+ (9); ─ Re(9-Mdafo)(CO)3Cl (10) ........................................................ 152 

  



 

xxii 
 

LIST OF SCHEMES 

Scheme                                  page 

1.1  A Typical view of charge separation in Re(I) metal complexes ......................................... 8 

2. 1  Synthesis of 4,4’-dicarboxy-2,2’-bipyridine ..................................................................... 36 

2.2 Preparation of derivatives of 1,10-phenanthroline: 1,10-phenathroline (phen) 3; 
4,5-epoxyphenanthroline(epoxy-phen) 4; 5-cyano,1-10-phenanthroline (5-CN-
phen) 5,   5-caboxy,1-10-phenanthroline (5-COOH-phen) 6, 5-amido-1-10-
phenanthroline (5-NH2CO-phen) 7, 4,5 diazoflourine-9-one  (dafo) 8; 2-(5H-
cyclopenta[2,1-b:3,4-b']dipyridin-5-ylidene)malononitrile (9-Mdafo) 9 ......................... 37 

2.3  Preparation of Methyl Isonicotinate: 4-carbinalpyridine 10; 4-methyl isonicotinate 
(4-COOCH3-py) 11 .......................................................................................................... 38 

2.4  Synthesis of 2,2'- bipyrazine (17) and 2-(pyridin-2-yl) pyrazine (19) .............................. 38 

2.5  Synthesis of 2-bromo-5-methylpyrazine76 ........................................................................ 39 

2.6  Synthesis of substituted pyrazine derivatives ................................................................... 40 

2.7  Synthesis of dimethyl [2,2'-bipyrazine]-5,5'-dicarboxylate (dmcbpz).............................. 40 

2.8  Formation of pyrazine diazonium ion, brominaion78 ........................................................ 41 

2.9  Resonance structures of aryl, pyridyl, pyrazyl diazonium ions ....................................... 42 

2.10  Stille coupling reaction mechanism for C-C bond formation73 ........................................ 42 

3.1  Synthetic rout for Ligand and Re(I) complexes ................................................................ 56 

3.2  Deprotonation of acid by adding TEA base ...................................................................... 58  

4.1  Synthesis of Re(I) complexes with phen derivatives ........................................................ 80 

5.1  Reaction schemes for phen coordinating with Re(I) metal centers ................................ 102 

5.2  Reaction schemes for py coordinating with Re(I) metal centers .................................... 103 

5.3  Reaction schemes for bpy coordinating with Re(I) metal centers ................................. 104 

5.4  Reaction schemes for bpz coordinating with Re(I) metal centers ................................. 105 

 



 

xxiii 
 

LIST OF SCHEMES (continued) 

Scheme                                  page 

6.1  Schematic diagram of ground and excited energy levels of A) [Ru(bpy)3]2+ and B) 
[Ru(bpy)z]2+16 .................................................................................................................. 125 

6.2  Synthetic route for series of Re(I) complexes................................................................. 135 

6.3 Synthetic route for series of Re(I) complexes................................................................. 136 

6.4  Synthetic route for the Ru(II) complex with 5,5'-dicarboxy bipyrindine ...................... 137 

  

  



 

xxiv 
 

LIST OF ABBREVIATIONS / NOMENCLATURE 

ABBREVIATION                                  TERM 

AN/CH3CN                 Acetonitrile 

bpy             2,2’-Bipyridine 

bpz             2,2’-Bipyrazine 

phen                                                1,10-phenanthroline 

[(bpy)Re(CO)3L]+        Rhenium(I) Tricarbonyl-Bipyridine-Ligand 

CD3OD            Deuterated Methanol 

CH3OH, MeOH         Methanol 

Chl             Ground State Chlorophyll 

CV             Cyclic Voltammetry 

dd              D-Orbital to D-Orbital Optical Transition 

DFT             Density-Functional Theory 

DMF             N,N-Dimethyl Formamide 

DMSO            Di Methyl Sulfoxide 

DSSC            Dye-Sensitized Solar Cell 

HOMO            Highest Occupied Molecular Orbital 

HPLC            High-Performance Liquid Chromatography 

IC              Internal Conversion 

IPCE             Incident Photon to Current Efficiency 

IR              Infrared Radiation 

ISC             Intersystem Crossing 

 
 



 

xxv 
 

ABBREVIATIONS (continued) 

ABBREVIATION         TERM 

LC             Ligand-Centered Optical Transition 

LHC             Light-Harvesting Complex 

LMLCT            Ligand-to-Metal-Ligand-Charge-Transfer Optical 

              Transition 

LUMO            Lowest Unoccupied Molecular Orbital 

MC             Metal-Centered Optical Transition 

MLLCT            Metal-Ligand-to-Ligand-Charge-Transfer Optical 

              Transition 

MMLCT           Metal-to-Metal-Ligand-Charge-Transfer Optical 

              Transition 

MO             Molecular Orbital 

NH4PF6            Ammonium Hexafluorophosphate 

NH4OAc           Ammonium acetate 

AgOTg            Silver trifluoromethanesulfonate 

AgCF3SO3           Silver Trifluoromethanesulfonate 

Triflic Acid           Silver Trifluoromethanesulfonate 

NMR             Nuclear Magnetic Resonance 

ORTEP            Orbital Representation Thermal Ellipsoid Plot  

PSI (P700)           Photosystem I 

PSII (P680)           Photosystem II 

PSB (P870)           Photosystem in Purple-Bacteria 



 

xxvi 
 

ABBREVIATIONS (continued) 

ABBREVIATION        TERM 

[Re(bpy)2CO3Cl]         Rhenium(I)-2-2’-Bipyridine tricarbonyl chloride 

RC             Reaction Center 

[Ru(bpy)2CO3]         Ruthenium(II) bis-2,2’-Bipyridine Carbonate 

[Ru(bpy)2Cl2∙xH2O]        Ruthenium(II) bis-2,2’-Bipyridine Dichloride 

[Ru(bpy)3]2+          Ruthenium(II) Trisbipyridine  

TDDFT            Time Dependent Density-Functional Theory 

TiO2             Titanium Dioxide 

TLC             Thin Layer Chromatography 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

xxvii 
 

SYMBOLS 

SYMBOL           TERM 

A              absorbance 

∆A             absorbance change 

a              absorption process 

EC             electrochemical-chemical process 

E              electrode potential  

e-              electron 

τem             emission lifetime decay 

λem             emission wavelength 

λex              excitation wavelength 

M*             excited molecule 

If              fluorescence emission intensity 

f              fluorescence emission process  

φf              fluorescence emission quantum yield 

kf              fluorescence rate constant 

kr              photoluminescence decay 

knr             non radiate decay 

M              ground state molecule 

E1/2             half-wave electrode potential 

I0              intensity of incident radiation 

Ip              intensity of radiation used in photolysis 

Ε              molar extinction coefficient 



 

xxviii 
 

 
SYMBOLS (continued) 

 
SYMBOL           TERM 

nB              number of atoms/molecules/products 

f              oscillator strength 

p              phosphorescence emission process 

kp              phosphorescence rate constant 

hυ              photon 

Φp              quantum yield of photolysis 

ΦB              quantum yield of Fe2+ in the K3Fe(C2O4)3  

Q*             quencher excited state 

Q              quencher ground state 

Sn  (n = 0, 1, 2…..)        singlet electronic state 

1∆gO2             singlet oxygen 

t              time 

Tn (n = 0, 1, 2…..)         triplet electronic state 

v              vibronic level 

λ              wavelength 

λmax             wavelength maximu 

 

 



 

1 
 

CHAPTER 1 
 

SCOPE OF STUDY 
 
 

1.1 The Future of Energy Supply for Global Need 

Modern industrialization is utilizing more energy sources all over the globe. Most of the 

power supply is coming from fossil fuels, which provide only ~30% of the world population 

with electricity.1 According to Figure 1.1, the major source of energy comes from the burning 

of fossil fuels which includes coal, oil and natural gas formed million years ago by 

decomposition of dead plants and animals buried under sediments deep in the earth.2 Because 

fossil fuels take a long time to form, one day the availability will vanish completely. Second, 

while the combustion of fossil fuels will produce energy, it also produces many pollutant oxides 

such as carbon monoxide (CO), carbon dioxide (CO2), sulfur dioxide (SO2) and nitric oxide 

(N2O). Among all of the oxides, CO2 is the primary source responsible for the greenhouse 

effect, severe global warming and climate change.2–4  

 

 

Figure 1.1 Total world energy in fraction 2016. 
http://www.columbia.edu/~mhs119/EnergyConsump/ 
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A second major source of energy is hydropower. Further growth in this area may 

be possible, although many countries have already developed this source of electrical energy.  

A third major source of energy is nuclear power. It has emerged as an enhanced method 

for generating a considerable amount of electricity from a single plant. However, there are many 

disadvantages found, such as the insufficient supply of uranium, higher overall lifetime costs for 

avoiding sophistication of the safety systems and radioactive waste, particularly after the incidents 

that occurred in the Chernobyl nuclear plant and at Fukushima.5 

The total average world power use by humans across all energy sources in 2015 was 16.85 

TW. By 2050, the power supply gap equaling today's entire consumption of 4000 terawatts is 

expected to create a planetary emergency of great dimensions1,2. A total of 1.7 × 105 TW of solar 

energy strikes the earth’s surface constantly. That is more than ten times the world’s average total 

energy use. And that energy is completely free and renewable for as long as the sun exists.  

 A practical terrestrial global solar potential value is estimated to be about 600 TW. If we 

capture light through photovoltaic cells, then we can meet our future energy demand efficiently 

and keeping a clean environment on our globe.2 So in this process, a strong effort should be made 

to capture natural solar light by making low cost, highly efficient and durable photovoltaic cells. 

 The main focus of this dissertation is the synthesis and study of the photophysical properties of 

selected transition metal complexes. Transition metals are generally coordinated with small 

organic molecules, called ligands, to obtain transition metal complexes which often absorb in the 

visible/UV region of the spectrum and show emission between 500 and 700 nm. These complexes 

work as a dye sensitizers in dye sensitized photovoltaic cells (DSSC) to harvest light and are also 

useful in many applications based on their emission characteristics for the development of sensors 

and photosensitizers. It is better to go through some underlying principles. 
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1.2 Basic Photophysics  

Photophysics describes how molecules absorb quantum energy and how the excited state 

evolves through radiative and non-radiative processes without involving chemical change.6 

1.2.1 The Interaction between Light and Matter  

 
What happens when light meets matter? Light is scattered at any macro or micro molecular 

surface, reflected off the surface of water, incompletely reflected by a green leaf, refracted when 

it enters glass, and absorbed by nanomaterials, even at low energies.7 The subtle interactions rely 

upon the wavelength of the light and the structure of the matter. 

1.2.1.1 Light  

Light is the part of the electromagnetic spectrum ranging from below one hertz to above 

1025 hertz, and this light is mostly coming from the solar spectrum. In general, electromagnetic 

waves can be described using three vectors: an electric field vector, a magnetic field vector, and a 

propagation vector, where the electric waves and magnetic waves oscillate perpendicularly one to 

another, as shown in Figure 1.2.  

 

Figure 1.2 Illustration of electromagnetic wave with electric (red) and magnetic (blue) field 
vectors perpendicular to the propagation direction (black line) 
http://community.asdlib.org/imageandvideoexchangeforum/files/2013/07/Figure10.2.jpg 
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The vertical distance between the highest (crest) and lowest (trough) points of an 

electromagnetic wave is the wave height. The vertical distance between the tip of a crest and the 

wave’s central axis is named as its amplitude. This is the nature of the light associated with the 

intensity of the wave. The horizontal distance between corresponding points of two consecutive 

waves is known as the wavelength of the wave. The quantity known as the wave’s frequency refers 

to the number of waves that pass a fixed place in a space every second.8 Equation 1.1 gives the 

relationship between wavelength and frequency.  

   c = h 

The symbol is the wavelength in meters, and the Greek letter is the frequency in HzTheir 

product is the constant C, the velocity of the light, which is equal to 3.00 × 108 m/s. This 

relationship illustrates an important fact that all electromagnetic radiation, regardless of 

wavelength or frequency, transports at the speed of light.  

1.2.1.2 Matter and Interaction 

According to classical physics, matter is composed of atoms or molecules that have a 

distinct amount of mass and whose position in space is known. But light waves, on the other hand, 

were recognized to have zero mass, and their position in space could not be identified. Because of 

this, the manner of interaction between matter and light was not evident until the 19th century.  

Max Planck discovered that matter could absorb or emit any quantity of electromagnetic 

radiation based on electrometric radiation by black bodies. He described that electromagnetic 

energy is emitted by the quantized value hwhere h is Planck’s constant (6.626×10-34 J·s).9 The 

relationship between energy and frequency is shown in equation 1.2. 

E= h = hc/
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When a molecule absorbs a photon of radiation, it becomes excited, and the molecule 

assimilates that energy depending on the wavelength of the incident radiation. Low energy 

radiation, near IR, results in rotational and vibrational modes, while IR results in rotational and 

vibrational modes from its higher energy radiation. UV/Visible radiation results in electronic 

modes which lead to their photophysical properties. 

1.2.2 Photophysical Properties 

The Jablonski diagram in Figure 1.3 is an energy level diagram.10 The singlet energy states 

(spin paired states) are labeled S and the spin unpaired electronic energy states are labeled T. 

Vibrational levels are located between the electronic energy states. The ground energy state is S0, 

S1 is the first excited state, S2 the second excited state, etc. If a molecule is irradiated with light, an 

electron in the ground singlet state, S0 undergoes a transition to S1 or S2
 etc. This absorption may 

lead to the population of a higher energy vibrational level of one of the excited energy states 

(Franck-Condon Principle) which can relax via internal conversion, IC, to the lowest vibrational 

(v0) level of S1 where fluorescence emission can take place returning the excited electron back to 

its ground state.  
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Figure 1.3 Jablonski diagram illustrating electronic levels (black lines), vibrational levels (red 
lines) and electronic transitions in a molecule. A is Steady-state absorption, TA is Transient 
absorption, F is fluorescence, P is phosphorescence, VR is vibrational relaxation, IC is internal 
conversion, and ISC is intersystem crossing. Solid (vertical) and dashed lines represent radiative 
and non-radiative decay, respectively 

 

Another possible pathway for the electron in the S1 state is to undergo intersystem crossing, 

ISC, to a higher vibrational level of the low-lying triplet (T1) state followed by relaxation to its 

lowest energy vibrational state v0 where phosphorescence emission can take place back to the 

singlet ground state.  

Nonradiative decay from either the S1 or T1 to S0 is also a possible route for the excited 

electron to return to the ground state. It is also possible for a compound to undergo direct 

absorption from a triplet ground state to a higher energy triplet state (i.e., T2) and the process 

continues with a series of deactivation.11,12 
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To the understand photophysical properties of Re(bpy)(CO)3Cl complexes,13,14,15 a 

simplified charge separation diagram is shown in Figure 1.4. In the ground state the highest energy 

electron is located on the metal whereas in the excited state it is localized on the bipyridine ligand. 

This transition is labeled as Re(I)-bpy Re(II)-bpy-1 (1MLCT).  

 

 

Figure 1.4 A Typical view of Charge Separation Diagram of Re(I) Complexes. Vibrational 
levels (red lines), IC is internal conversion, and ISC is intersystem crossing, h is the absorption 
energy h’ is the emitting energy. Solid (vertical) and kr represent radiative decay and knr non-
radiative decay respectively 
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Scheme 1.1 Typical view of charge separation in Re(I) metal complexes 

In Scheme 1.1, 100% of the electrons transfer from the singlet excited state to form the 

triplet excited state as indicated.16 The properties of emission excited-state lifetime are determined 

by the rates of radiative (kr) and nonradiative (knr) decay processes and by rates for the population 

and subsequent decay of internal conversion and intersystem crossing. A spin change required for 

the electron to return to the ground state from the triplet state (T1) enhances the emission lifetime. 

Based on charge transfer phenomena of Re(I) metal complexes, anchoring them to TiO2 

in Dye-Sensitized Solar Cells (DSSC) can be used to convert sunlight to electrical power. To 

understand the complete process of energy conversion in the photovoltaic cell, we need to briefly 

provide an overview of a DSSC. 

1.2.3 Dye-sensitized solar cells (DSSC) 

Ever since Grätzel and O’Regan reported DSSC, solar cells based on dye-sensitized 

nanostructured metal oxides have attracted extensive attention on account of their attractive 

advantages, such as low cost, less toxic manufacturing, easy scale-up, lightweight and potential 

use of flexible panels, compared to conventional p–n junction devices.17 Among the various oxides 

examined,18 TiO2 has been the most extensively studied oxide for use in DSSCs. However, TiO2 

based DSSCs have demonstrated less than 10% overall solar to electrical conversion 
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efficiencies.17,19–23 The extensive studies of interfacial charge separation and recombination 

processes of various dye molecules attached to TiO2 have been examined to identify the most 

efficient systems for solar energy harvesting.  

1.3.1 Basic principles and historical background 

A DSSC is a photoelectrochemical device which consists of light absorbing dye molecules 

attached to the surface of a semiconducting material. Dye molecules absorb sunlight, gets excited 

and then the excited electrons transfer into the conduction band of the semiconductor which 

transfers electrons to an external circuit. The redox mediator in the DSSC regenerates the oxidized 

dye molecules to keep the process cyclic.22,24  

Vogel’s discovery of the spectral sensitivity of photographic silver halide emulsions in 

187325 and Moser’s report on enhanced photoelectrochemical responses in a dye-sensitized 

photoelectrode could be considered as early studies of dye sensitization.26 In 1964, Namba and 

Hishiki demonstrated both photography and photoelectrochemistry processes with the same 

dyes.27 Tsubomura et al. obtained a conversion efficiency of 1.5% for monochromatic irradiance 

at 563 nm by enhancing the overall sensitized surface area using porous ZnO.27 In 1991, O’Regan 

and Grätzel reported a device made of TiO2 with a conversion efficiency of 7.1%.28DSSCs now 

achieve over 11% of conversion efficiencies of 11% over with laboratory-scale devices. Even 

though ruthenium(II)-polypyridyl complexes have been well studied, the scarcity of ruthenium and 

the challenges in synthesis attract research toward metal-free organic dyes which showed up to 9.8 

% efficiencies.19,29,30 The DSSC has been recognized as one of the highly promising technologies 

for inexpensive solar energy conversion.  
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1.3.2 Typical Structure of DSSC 

The design of the original Grätzel and O’Regan DSSC consists of five main components 

(shown in Figure 1.5). The five components are: 1) A thin transparent conducting film (TCF) of 

optically transparent and electrically conductive material, typically fluorine-doped tin dioxide 

(SnO2:F or FTO) coated glass; (2) a wide bandgap semi‐conducting metal oxide nanocrystal with 

a highly porous structure and high surface area. A common example is titanium dioxide (TiO2); 

(3) a solar light absorbing dye such as a ruthenium bipyridine complex; (4) a redox-couple material 

in an organic solvent, usually a mixture of iodide/triiodide (I-/I3-) redox couple in a low viscosity 

organic solvent such as butyronitrile, and (5) another FTO coated glass cathode with a platinum 

coated as a counter electrode.23,27 

 

https://en.wikipedia.org/wiki/Transparency_and_translucency
https://en.wikipedia.org/wiki/Electrical_conductivity
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Figure 1.5 Schematic overview of a dye-sensitized solar cell 
https://commons.wikimedia.org/wiki/File:Dye_Sensitized_Solar_Cell_Scheme.png 
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Figure 1.6 Schematic diagram of a DSSC showing principles of electron transfer (Adapted from 
Dye Sensitized Solar Cell by Kuppuswamy Kalyanasundaram) 

 
 

Figure 1.6 illustrates all the principles of the electron transition processes from steps 1 – 5 

in a DSSC.  

Step 1: The absorption of light by the sensitizer S takes place at the anode. Absorption is a 

vertical process, exciting a metal to ligand charge transfer (MLCT) transition, generating an 

electronically excited state S*.   

S + hν → S* 

1 

2 

3 
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Step 2: The excited molecule S* can either decay back to the ground state or undergo oxidative 

quenching by injection of electrons into the conduction band of TiO2 and leading to oxidation of 

the sensitizer.  

S* → S + hν’ (emission) 

S* → S+ + e-cb TiO2 (Charge-injection) 

Step 3: The injected electron percolates through the TiO2 mesoporous network of particles 

through the eternal circuit to reach the counter electrode, perhaps doing work through a load 

before returning to the cell to propagate around the external circuit to the platinum coated 

cathode. 

 Step 4: The electrons are collected at the platinum coated cathode, consisting of a transparent 

conductive FTO, where the external circuit reduce the oxidized iodide (I3-) back to iodide (I-). 

The platinum catalyst allows this reaction to proceed with minimal over-potential: 

I3
- + 2e- → 3I- 

Step 5: The oxidized dye, S* is reduced rapidly to the ground-state by a donor (I-) present in the 

electrolyte.  

2S+ + 3I- → 2S + I3
- 

In addition to transfer of the electron into the conduction band of TiO2 followed by entering the 

circuit to generate current, other possible pathways for electron recombination exist. These are: 

1. TiO2 can also reduce the S* by charge recombination. 

S+ + e-cb TiO2 → S (Charge Recombination) 

2. The dye in the excited state can decay back to the ground state where there is competition 

between the electron injection into the metal oxide and the radiative and non-radiative 

decay of the excited state dye: 
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S* → S + hν’ (Emission) 

The oxidized dye can be reduced with an injected electron in the conduction band of TiO2: 

D+ + e-CB → D 

3. The electron in the conduction band recombines with the oxidized redox species in the 

electrolyte. 

I3 - + 2 e-CB → 3I- 

1.3.3 Interpretation of I-V Curves 

One measurement of the properties of dye sensitive solar cells is current as a function of 

applied voltage as illustrated in Figure 1.7. The cells are characterized by their open 

 

 
Figure 1.7 Characteristic I-V Graph of a DSSC 
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circuit voltage, VOC, which is the voltage when there is no current flowing from the cell, by their 

short-circuit current, ISC, which is the maximum current produced when there is no voltage 

applied to the cell, by their maximum power found is at the maximum power point, Pmax, shown 

in Figure 1.7, by their fill-factor FF= Pmax

VOCISC
 and their maximum power efficiency found by η = 

Pmax

Pin
, where Pin is the power of the light irradiating the cell.27,29 

 1.3.4 Design of Dye Complexes  

In a DSSC, a dye sensitizer play a vital role in generating the photo-induced electrons and 

injecting them into the conduction band of the TiO2 semiconductor. When designing a dye for 

DSSC application, there are many main factors that need to be considered. 

1) The light must be absorbed by a dye sensitizer in the visible region of the spectrum to 

form a molecular excited state. 

2) The dyes should be strongly anchored to the semiconductor surface for long term 

stability. 

3) The energy levels should match the conduction band of the semiconductor and the redox 

potential of the dyes for smoothly injecting electrons in to the conduction band of 

TiO2 semiconductor. 

4) The dyes should have suitable redox potential that can be rapidly regenerated through the 

redox couple (I−/I3
−) in the electrolyte. 

5) High photo-stability to endure at least 20 years of use in a DSSC. 

6) Dye should have longer emission times with higher absorption coefficient.  

Up to now, Ru(II) based dyes based on the heterocycle 2,2’-bipyridiine have been used in most 

DSSC cells, but extension of other more common transition metal complexes is desirable. Also 

other polypyridyl ligand system warrant investigation as ligands attached to the transition metal 
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complexes. To this end, we have designed new ligands and synthesized many Re(I) polypyridyl 

complexes which can inject electrons into the TiO2 band as illustrated in Figure 1.8 when the dye 

absorbs photons from sunlight.19 

 

 

Figure 1.8 Charge separation diagram of Re(I) metal complexes with TiO2 semiconductor 

The energy level diagram of Re(I) polypyridyl complexes with TiO2 (Figure 1.8) shows 

that the LUMO of Re(I) complexes is located above the conduction band (CB) of TiO2. So Re(I) 

dyes are able to inject an electron into a semiconductor into TiO2.27 Also the Re(I) dye are very 

stable and can be sustainable long a time for harvesting sunlight.  
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1.4 Scope of the Present Work 

The research describes how Re(I) and Ru(II) metal complexes coordinated with small 

organic molecules, 2,2’-bipyridine derivatives, 1,10-phenanthroline derivatives, 2,2’-bipyrazine 

derivatives have physical and photophysical properties related to metal-to-ligand charge transfer 

(MLCT) that have been studied by Visible/UV absorption and emission spectroscopy and by 

electrochemical investigations. The Re(I) and Ru(II) complexes absorbed in the visible region (360 

– 720 nm) and with very strong absorption in the UV region (220 – 340 nm). Upon electronic 

excitation, the complexes were photoluminescent. The metal complexes emitted light in the region 

of 550 nm to 700 nm. Based on their absorbing and emitting light properties, these complexes 

were used in solar energy conversion as a dye in DSSC. 

Chapter 1 

Chapter 1 gives general background, reported examples in literature, motivation, and purpose 

of present work. 

Chapter 2 

This chapter describes various bidentate ligands of 2,2 bipyridine and 1,10-phenanthroline and 

also descibes a simple and efficient synthetic route for syntheses of 2-2’-bipyrazine (bpz) 

derivatives starting with 2-chloropyrazine and 5-methylpyrazine-2-carboxylic acid resulting in 

2,2’-bipyrazine (bpz), 5-methyl-2,2’-bipyrazine (mbpz), 5,5’-dimethyl-2,2’-bipyrazine(dmbpz), 

5,5’-dicarboxy-2,2’-bipyrazine (dcbpz), dimethyl [2,2'-bipyrazine]-5,5'-dicarboxylate (dmcbpz), 

and 2-(pyridine-2-yl)pyrazine (pypz). The bidentate ligands were ligated with Re(I).  
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Chapter 3 

This chapter discusses the metal to ligand charge transfer (MLCT) of excited state complexes 

of [Re(4,4'-dicarboxy-bipyridine)(CO)3X](X = I, Br, Cl, F, SCN, CN) and their photocurrent 

generation.  

Chapter 4 

  The absorption, emission lifetimes and electrochemistry of [Re(L-L)(CO)3X]( L-L = 1,10 

phenanthroline derivatives, and X = Cl, py, methyl isonicotinate) complexes are discussed in this 

chapter.  

Chapter 5 

Chapter 5 delivers the photochemistry of a series of new monomeric and bridged Re(I) carbonyl 

complexes with various bidentate ligands such as 2,2’-bipyridine derivatives, 1,10-phenanthroline 

derivatives, 2,2'-bipyrazine derivatives. It also describes several crystal structures of monomers 

and dimers, redox properties using cyclic voltammetry and lifetime studies.  

Chapter 6 

Chapter 6 presents synthetics routes for several Re(I) and Ru(II) complexes which absorb in 

the visible region (380 – 750 nm) and UV region (250 – 340 nm) with emissions in the region of 

550 nm to 700 nm. 

Chapter 7 

Chapter 7 presents applications of Re(I) complexes in solar energy conversion.  
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CHAPTER 2 
 

SYNTHESIS AND CHARACTERIZATION OF DERIVATIVES OF 
DIIMINE BIDENTATE LIGANDS 

 
2.1 Introduction 

Bidentate ligands, bipyridine derivatives, 1,10-phenanthroline derivatives and bipyrazine 

derivatives, have been extensively employed in the building of a wide variety of metal complexes 

with great potential for many applications ranging from catalysis to therapeutics.31–37 Owing to 

their robust redox stability, ease of functionalization, and entropically favored metal binding, these 

nitrogen donor-based chelating ligands have been used in developing catalytic systems for solar 

energy conversion.21–23,38 In this chapter, the synthesis of derivatives of 2,2’-bipyridine ligand 

(bpy) is considered first. In contrast to other ligands, such as catechol, which is anionic, and 

derivatives of the acetylacetonate ion, which are monoanionic, 2,2’-bipyridine is a neutral ligand. 

The derivative, 4,4’-dicarboxy-2-2’-bipyridine (dcbpy), forms metal complexes by coordinating 

nitrogen atoms of bpy and the carboxylic groups attached to bpy are used to attach these metal 

complexes to TiO2 in Dye-sensitized Solar Cell (DSSC) in energy conversion processes.22,23,39,40 

  To extend the π conjugation in bpy, derivatives of 1,10-phenanthroline (phen) were 

designed and synthesized. Complexes of these ligands have been widely studied because of their 

remarkable photophysical properties, such as long-lived metal-to-ligand charge transfer (MLCT) 

excited states.41–44 Compared to the parent bpy, phen is characterized by two inward-pointing 

nitrogen donor atoms being held juxtaposed and, therefore, pre-organized for strong and 

entropically favored metal binding.45 The derivative, 5-carboxy-phenanthroline (5C-phen), forms 

metal complexes by coordinating nitrogen atoms of phen and the carboxylic group is used to attach 

these metal complexes to TiO2 in Dye-sensitized Solar Cell (DSSC) for energy conversion 

processes.22,23,39,40 Also the bidentate ligand 4,5-diazafluorenone (dafo) is readily synthesized from 
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the phen ligand. This particular ligand has several distinct properties compared to bpy. First, it 

contains a reactive exocyclic ketone. Second, the rigid structure imposed by the central five-

member ring means that the two nitrogen atoms are always held in the same direction.46,47  

Synthesis of 2,2’-bipyrazine (bpz) moieties as model ligands for studying primary events 

of electron- and energy transfer processes of metal complexes48–52 were also examined. The first 

synthesis of bpz was reported by Lafferty and Case using a copper catalysed solid-state method.53 

Drawbacks of this protocol were the requirement of high temperatures (270 oC) and low yields 

(7%). Later, Yoon and co-workers described the generation of the bpz ligand by palladium 

catalysis using conventional methods54–56 and recently, Moeller et al. reported using copper 

coupling with improved yield.48 Until now, most reported protocols were limited to the synthesis 

of unsubstituted bpz compounds. In our lab, 2,2’-bipyrazine was previously synthesized using the 

Lafferty protocol.48,57 The crystal structure of the Re(I)-bpz complex was also reported.58 Further, 

5,5’-dimethyl-2,2’-bipyrazine (Me2bpz) was also synthesized to expand the scope of the metal-

ligand complexes.58,49 However, synthesis of Me2bpz suffered from very poor yields (<1%). To 

address the problems associated with previous protocols, we have developed new synthetic routes 

for substituted bipyrazine (homo- and hetero-bipyrazines) using the tributylstannyl pyrazine 

intermediate (Bu3SnAr) and Stille coupling. This protocol allows one to synthesize a variety of 

substituted bipyrazine derivatives and heterobiaryls such as a pyrazine-pyridine derivatives in 

order to expand the study of metal complex photophysical properties.  

In summary, facile synthetic route for preparing bipyridine, 1,10-phenanthroline, 

bipyrazine and heterobiaryls derivatives with high yields are presented in this chapter. These 

ligands provide an opportunity to study molecular excited states of transition metal complexes and 
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to anchor derivatives by way of carboxylate units to semiconductor surfaces for solar fuels 

production which is presented in subsequent chapters. 

2.2 Experimental details 

2.2.1 Materials:  

The compound 4,4'-dimethyl-2,2'-bipyridine 1 was purchased from GFS chemicals. The 

ligand, 4,4’-dicarboxy bipyridine 2 (dcbpy), was prepared by literature procedures.59 The 

compound 1,10-phenanthroline 3 (phen) was obtained from GFS. The ligands 1,10-

phenanthroline-5,6-epoxide60 4 (5,6-epoxy-phen), 5-cyano-1,10-phenanthroline61 5 (5-CN-phen), 

5-carboxy-1,10-phenanthroline62 6 (5-COOH-phen), 5-amido-1,10-phenanthroline 7 (5-CONH2-

phen), 4,5-diazafluorene-9-one63 8 (dafo), 2-(5H-cyclopenta[2,1-b:3,4-b']dipyridin-5-

ylidene)malononitrile64 9 (9-Mdafo) were prepared according to the references indicated. 4-

carbinolpyridine 10 was obtained from Aldrich. Methyl isonicotinate65 11 (4-COOCH3-py) was 

prepared using previously reported procedures with slight changes for improving % yields. 2-

chloropyrazine (Oakwood Chemicals, 98.0%) 12, 2-bromopyridine (Sigma Aldrich, 99.8%) 13, 5-

methylpyrazine-2-carboxylic acid 14 (AK Scientific, 99.0%), bromotrimethylsilane (Oakwood 

Chemicals, 99.0%), tetrakis(triphenyl-phosphine)palladium (Acros Organics, 9.0%), tri-n-butyltin 

chloride (Acros Organics, 95.0%), 2.5M n-butyllithium solution in hexanes (Acros Organics, v/v 

100.0%), propionitrile (Acros Organics, 99%), m-xylene (Acros Organics, 99.0%), bromine 

(Acros Organics, 99.8%), sulfuric acid (Fisher Scientific, 95.0%), diethyl ether (Aldrich, 99.9%), 

methanol (Fisher Scientific, HPLC grade), chloroform (Fisher Scientific, HPLC grade), methylene 

chloride (Fisher Scientific, 99%), hexanes (Fisher Scientific, 99%) and optima grade 

tetrahydrofuran (Fisher Scientific, 99.9%), deuterated chloroform (Cambridge Isotope 

Laboratories, 99.8%), deuterated dimethyl sulfoxide (Cambridge Isotope Laboratories, 99.9%), 
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and tetramethylsilane (Cambridge Isotope Laboratories, 99.9%) were used as received. All 

coupling reactions were carried out under an inert argon atmosphere. 

2.2.2 Characterization:  

The structures of the synthesized ligands were characterized by high-resolution 1H NMR 

and 13C NMR spectroscopy with INOVA 400 and Mercury 300 MHz spectrometers, respectively. 

The samples were dissolved in deuterated chloroform (CDCl3) or deuterated dimethyl sulfoxide 

(DMSO-d6) and tetramethylsilane (TMS) was used as the internal standard. Elemental analyses 

were performed by M-H-W laboratories in Phoenix, AZ. In X-ray crystallographic determinations, 

crystals were affixed to a nylon cryoloop using oil (Paratone-n, Exxon) and mounted in the cold 

stream of a Bruker Kappa-Apex-II diffractometer. The temperature of the crystal was maintained 

at 150 K using a Cryostream 700EX Cooler (Oxford Cryosystems). Signals were measured using 

a CCD detector at a distance of 50 mm from the crystal with a combination of phi and omega 

scans. A scan width of 0.5° and scan time of 10 s were employed using graphite monochromated 

molybdenum Kα radiation (λ = 0.71073 Å) that was collimated to a 0.6 mm diameter. Data 

collection and reduction were performed using the Bruker Apex2 suite (v2013.4-1).66 All available 

reflections to 2θmax = 52° were harvested and corrected for Lorentz and polarization factors with 

Bruker SAINT (v6.45).67 Reflections were then corrected for absorption, interframe scaling, and 

other systematic errors with SADABS 2004/1.48.68 The structures were solved (direct methods) 

using SHELX-T71 and refined (full-matrix least-squares against F2) with SHELX-L within the 

OLEX2 software suite.69,70 All non-hydrogen atoms were refined using anisotropic thermal 

parameters. All hydrogen atoms were included at idealized positions; hydrogen atoms were not 

refined.  
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2.2.3 Preparation Procedures 

2.2.3.1 Preparation of 4,4’-dicarboxy-2,2’-bipyridine (dcbpy) (2). 

A portion of 4,4’-dimethyl-2,2’-bipyridine (2.0 g, 9.03 mmol) was added to 50 mL of 

sulfuric acid (98%) while stirring. Then potassium dichromate (9.68 g, 81.5 mmol) was added in 

small portions, such that the temperature of the solution was maintained between 70 C and 80 °C. 

The mixture was occasionally cooled in an ice bath during the reaction in order to maintain the 

temperature in the desired range. After completion of the potassium dichromate addition, the 

reaction mixture was cooled to below 40 °C, and the generated deep green reaction mixture was 

then poured into 800 mL of ice water. The resulting light yellow solid was removed by filtration 

and then purified by refluxing it in 60 mL of 50% nitric acid for 4 h. This solution was poured over 

ice, then diluted with 1 L of water and cooled to 5 °C. The white precipitate was filtered and 

washed five times with 50 mL portions of water followed by two 20 mL portions of acetone in a 

Buchner funnel. The white precipitate was placed inside the vacuum oven for drying overnight.  

Color: White, Yield: 92.8%. mp, 44-45 °C; IR (KBr pellet, cm-1): (CO) 1710 sh, 1H-NMR 

(DMSO): 1H NMR (400 MHz, DMSO).  ppm 7.12 (d, 2H, J = 4.9 Hz), 8.22 (s, 2H), 8.53 (d, 2H, 

J = 4.9 Hz). 

2.2.3.2 Preparation of 5,6-epoxy-phen (4). 

 A mixture of 850 mL 6% CHLOROX and 400 mL of water was added to a 2 L beaker. 

The pH was adjusted to 8.5 with 12M HCl at 18 oC under stirring. Tetrabutylammonium hydrogen 

sulfate (2.25 g, 6.63 mmol) and 1,10-phenanthroline monohydrate (6 g, 30.30 mmol) were 

dissolved 450 mL of chloroform and added to the CHLOROX solution. The pH of the mixture 

was carefully maintained between 8.5 and 9. The progress of the reaction was monitored by NMR. 

The time it took to complete the reaction depended on the quality of CHLOROX solution and 
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varied between 2 to 6 h, but the yield decreased with the excess reaction time. After the reaction 

was completed, the organic layer was separated from the CHLOROX solution and washed with 

water several times. The washed organic layer was dried over anhydrous sodium carbonate and 

filtered. The organic filtrate was concentrated to 100 mL using a rotary evaporator and then hexane 

was added to the solution to precipitate a pure product. It was isolated by vacuum filtration and 

dried under vacuum.  

Color: White, Yield: 60 %. mp, 182 °C -184 °C; Anal. Calcd. for C12H8N2O: C, 73.41; H, 4.11; N, 

14.28. Found. C, 72.94; H, 4.19; N, 13.91. 1H-NMR (DMSO, 300 MHz):  ppm 7.82 (q, 2H, J = 

5.2 Hz), 8.62 (dd, 2H, J = 8.4, 1.2 Hz), 9.12 (dd, 2H, J = 5.2, 1.2 Hz), 5.08 (s, 2H). 

2.2.3.3 Preparation of 5-CN-phen (5). 

 1,10-phenanthroline-5,6- epoxide (0.4 g, 2.04 mmol) was dissolved in 20 mL of water 

and added to 25 mL of 0.5M KCN/H2O solution. A white precipitate started to form after stirring 

the reaction mixture for 4 h at room temperature. The solution was allowed to stir overnight to 

assure complete precipitation of product. It was collected by vacuum filtration, washed with large 

portions of water to remove unreacted KCN, air-dried and recrystallized from CH3OH.  

Color: White, Yield: 80%. mp, 245 °C -247 °C; Anal. Calcd. for C13H7N3: C, 76.09; H, 3.44; N, 

20.48. Found. C, 75.83; H, 3.40; N, 20.33. 1H-NMR (DMSO, 300 MHz):  ppm 7.8 (dd, 2H, J = 

11.8, 6.4 Hz), 8.35 (dd, 1H, J = 8.4, 1.2 Hz), 8.34 (s, 1H), 9.3 (dd, 2H, J = 5.2, 1.7 Hz), 8.64 (dd, 

1H, J = 8.4, 1.2 Hz). 

2.2.3.4 Preparation of 5-COOH-phen (6). 

 The desired product was synthesized by modification of a published procedure.62 5-

cyano-1,10-phenanthroline (1.26 g, 6.11 mmol) was added to 10 mL of an aqueous 9M KOH 

solution. In addition, 2-methoxyethanol (5.5 mL) was added as a catalyst. The reaction mixture 
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was refluxed for 6 h. The solvent was removed using a rotary evaporator. The remaining solid was 

dissolved in hot water, the pH was adjusted to 2 to 3 with 6 MHCl, and the precipitate formed was 

collected by filtration and dried (45 °C). The desired product was recrystallized from 

dichloromethane.  

Color: White, Yield: 94%. mp, 235 °C; Anal. Calcd. for C13H8N2O2: C, 69.64; H, 3.60; N, 12.49. 

Found. C, 69.34; H, 3.47; N, 12.23. 1H-NMR (DMSO, 300 MHz):  ppm 7.72 (dd, 1H, J= 8.60, 

4.42 Hz), 8.69 (s, 1H), 8.24(dd, 1H, J = 11.8, 6.4 Hz), 9.12 (dd, 1H, J = 4.2, 1.4 Hz), 9.18 (dd, 1H, 

J = 4.8, 2.6 Hz), 9.32 (dd, 1H, J = 4.6, 1.4 Hz), 9.46 (dd, 1H, J = 8.0, 1.2 Hz), IR (KBr) 1706 

cm-1. 

2.2.3.5 Preparation of 5-NH2CO-phen (7). 

 A 5-cyano-1-10-phenanthroline (1.20 g, 6.00 mmol) was added to a 30 mL of aqueous 

6M NaOH solution. The reaction mixture was heated at reflux 6 h. It was cooled to room 

temperature and the unreacted starting material was extracted with dichloromethane. 5-COOH-

1,10-phenanthroline was precipitated by adjusting the of pH of the remaining aqueous portion of 

the reaction solution to ~5 with 6M HCl. The desired compound was isolated by vacuum filtration 

and recrystallized from methanol.  

Color: White, Yield: 60%. mp, 320 °C; Anal. Calcd. for C13H9N3O: C, 69.95; H, 4.06; N, 18.82. 

Found. C, 69.02; H, 3.98; N, 18.06. 1H-NMR (DMSO, 300 MHz):  ppm 7.8 (q, 2H, J = 6.4 Hz), 

8.64 (dd, 1H, J = 8.2, 1.2 Hz), 8.70 (s, 2H,), 9.10 (dd, 2H, J = 2.4, 4.8 Hz), 9.15 (dd, 1H, J = 5.6, 

1.2 Hz).  

2.2.3.6 Preparation of dafo (8). 

 A mixture of 1,10-phenanthroline (12.0 g, 60.00 mmol) and potassium hydroxide (6.72 g, 

120.00 mmol) was added to 500 mL of water and heated to boiling. Then a hot solution of 
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potassium permanganate (32 g, 200.00 mmol) in 300 mL of water was added slowly over 30 min. 

The temperature of the solution was maintained at ~80 °C during the addition. After completion 

of the addition, the solution was boiled for 20 min., then the hot mixture was filtered through a 

Celite bed to remove the precipitate of manganese dioxide. The orange filtrate was cooled to room 

temperature and left in a hood for 24 h. The desired compound formed as a yellow crystalline 

product. It was collected by filtration.  

Color: White, Yield: 42 %. mp, 214-217 °C; Anal. Calcd. for C11H6NO: C, 78.56; H, 3.60; N, 8.33. 

Found. C, 78.14; H, 3.42; N, 8.20. 1H-NMR (DMSO):  ppm 7.34 (q, 2H, J = 5.2 Hz), 7.98 (dd, 

2H, J = 8.2, 1.2 Hz), 8.78 (dd, 2H, J = 5.6, 1.6 Hz).  

2.2.3.7 Preparation of 9-Mdafo (9). 

A mixture of 4,5-diazo fluorene-9-one (1.2 g, 6.4 mmol) and malononitrile (0.85 g, 12.8 

mmol) was added to 50 mL of benzene and refluxed for 10 min. During reflux, 1 mL of propionic 

acid and 3.2 mL of piperidine were added. Reflux was continued for 6 h and the water formed was 

removed using a Dean-Stark trap. Reflux was discontinued after the final product was detected by 

TLC. The organic layer was washed with 2M NaHCO3, water, and brine, respectively, and dried 

over anhydrous magnesium sulfate. The solvent was removed using a rotary evaporator. The solid 

was dissolved in minimum amount of CH2Cl2 and purified on a silica column using ethyl acetate 

as an eluting solvent to give compound (9).  

Color: White, Yield: 54 %. Anal. Calcd. for C14H6N3: C, 77.77; H, 2.80; N, 19.43. Found. C, 

77.60.14; H, 2.72; N, 19.30. 1H-NMR (CDCL3, 300 MHz):  ppm 7.42 (dd, 2H, J = 7.6, 5.2 Hz), 

8.71 (dd, 1H, J = 7.6, 1.2 Hz), 8.82 (dd, 2H, J = 5.2, 1.2 Hz). 
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2.2.3.8 Preparation of 4-COOCH3-py (11). 

 I2 (4.74 g, 18.69 mmol) was added to a solution of 4-carbinalpyridine in methanol 10 (2 

g, 18.69 mmol) followed by 2.3 g of NaNO2 (1.8 equivalents) dissolved in water. The reaction 

mixture was heated at reflux for 18 hours, cooled to room temperature, and excess iodine was 

removed by adding Na2S2O3. The product was extracted into chloroform. The liquid product was 

obtained by removing chloroform by rotary evaporation. Volume of the product: 1.38 mL (d = 

1.16 g/mL) or 1.19 g.  

Color: White, Yield: 62%. Anal. Calcd. for C7H7NO2: C, 61.31; H, 5.14; N, 10.21. Found. C, 

61.02; H, 5.26; N, 10.28. 1H-NMR (DMSO): 4.2 (s, 3H). 8.6(d, 2H, 6.4 Hz), 9.2 (d, 2H, J = 6.8 

Hz). 

2.2.3.9 Preparation of 2-bromopyrazine (15).71 

A mixture of 2-chloropyrazine (20 mL, 22.8 g, 220.00 mmol) 12, bromotrimethylsilane 

(52 mL, 30 g, 200.00 mmol) and propionitrile (200 mL) was heated for 3 days (72 h) under reflux. 

(A white solid formed in the condenser during the reflux which was cleared off every 10 h with 

long glass rod). The reaction mixture was then poured into a 2.0M aqueous solution of sodium 

hydroxide (200 mL) followed by adding ice (~ 100 g). The aqueous phase was extracted with 

diethyl ether (3×100 mL) and the combined organic layers were washed with water (3×200 mL) 

followed by aqueous saturated NaCl solution (200 mL) and dried with Na2SO4. The solvent was 

removed by rotary evaporator and the obtained colorless oil was purified by distillation; bp 60-61 

°C/10 torr.72  

Color: White, Yield: 51 %. 1H-NMR (CDCl3, 400 MHz): δ ppm 8.70 (d, J = 1.5Hz, 1H), 8.51 (d, 

J = 2.5Hz, 1H), 8.36 (dd, J1 = 2.5Hz, J2 = 1.5, 1H); 13C NMR (CDCl3, 400 MHz) δ ppm 141.2, 

142.7, 144.7, 147.9. HRMS (ESI) m/z: [M+H]+ Calcd for C4N2H3Br 157.94; found 157.92, 159.92. 
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2.2.3.10 Preparation of 2-(tributylstannyl)pyrazine (16).73,74 

2-Bromopyrazine (3.2 g, 20.12 mmol) and 60 mL of anhydrous diethyl ether were added 

under a nitrogen atmosphere into a Schlenk flask containing a side-arm stopcock and magnetic 

stirring bar. The flask was cooled to -78 oC using dry ice and acetone followed by the dropwise 

addition of 2.5M n–BuLi in hexane solution (10.53 mL, 26.28 mmol). After stirring at -78 °C for 

2 h, tributyltin chloride (7.12 mL, 23.72 mmol) was added dropwise to the reaction mixture and 

continued stirring for another 4 h. Then the cooling bath was removed and the solution was stirred 

for an additional 12 h at room temperature. After the solvent was removed under vacuum, 60 mL 

of anhydrous diethyl ether was added and then the mixture was filtered through a sintered glass 

filter stick to remove solid impurities. Then the solvent was evaporated under reduced pressure 

under an inert atmosphere. The resulting portion of 2-(tributylstannyl)pyrazine (6.06 g) was used 

in the preparation of 2,2’-bipyrazine without any further treatment. Yield: 82%. 

2.2.3.11 Preparation of 2,2’-bipyrazine (17).75  

2-(Tributylstannyl)pyrazine (3.06 g, 8.32 mmol) was dissolved in 60 mL of dry xylene in 

a one neck round-bottom flask under an argon atmosphere. Then, the compounds 2-bromopyrazine 

(1.32 g, 8.32 mmol) and Pd(PPh3)4 (0.42 g, 0.36 mmol) were added to a three-neck round-bottom 

flask equipped with a reflux condenser and a magnetic stir bar in a glove bag under argon. The 

assembly was removed from the glove bag and purged with argon again. Then the xylene solution 

containing 2-(tributylstannyl)pyrazine was cannulated into the flask containing 2-bromopyrazine 

and the palladium catalyst. The reaction mixture was heated under an argon atmosphere at 120 oC 

for 12 h and then cooled to room temperature. The residue was basified with aqueous sodium 

hydroxide (15 ml, 2M, pH > 9) and the compound was extracted with toluene and dried over 

MgSO4. The solvent was removed under rotary evaporation, and then the crude solid product was 
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purified via flash column chromatography (silica gel, 230-450 mesh). First, the impurities were 

eluted with n-hexane/ethyl acetate (5:1). Then the desired compound 17 was obtained as a light 

wheat color crystalline powder (0.95 g) by eluting with 1:2 n-hexane/ethyl acetate.  

Color: Light Wheat, Yield: 72%. mp, 135 °C -137 °C; Anal. Calcd for C8H6N4: C, 60.75, H, 3.82, 

N, 35.42. Found. C, 60.12, H, 3.71, N, 35.21. 1H-NMR (CDCl3, 400 MHz): δ ppm 8.67 (d, J = 

1.8Hz, 4H), 9.60 (s, 2H); 13C NMR (CDCl3, 300 MHz) δ ppm 143.5, 143.7, 144.0, 145.0, 145.4, 

149.4. HRMS (ESI) m/z: [M+H]+ Calcd for C8H6N4  158.05; found 159.00. 

2.2.3.12 Preparation of 2-(tributylstannyl) pyridine (18). 

The procedure described for the preparation of 16 (see above) was followed using 2-

bromopyridine, 2 (2.0 g, 12.65 mmol), 2.5M in hexane of n–BuLi (6.10 mL, 15.26 mmol) and 

tributyltin chloride (3.42 mL, 12.65 mmol). The resulting 2-(tributylstannyl) pyridine (3.82 g) was 

used in the preparation of 2-(pyridin-2-yl) pyrazine without any further treatment. 88 % yield.  

2.2.3.13 Preparation of 2-(pyridin-2-yl) pyrazine (19). 

The procedure described for the preparation of 17 (see above) was followed using 2-

(tributylstannyl)pyridine in place of 2-(tributylstannyl)pyrazine. 2-(Tributylstannyl)pyridine (3.2 

g, 8.70 mml) dissolved in 60 mL xylene was reacted with 2-bromopyrazine (1.38 g, 8.70 mmol) 

in the presence of Pd(PPh3)4 (0.36 g, 0.32 mmol). The crude solid product was purified via flash 

column chromatography (silica gel, 230-450 mesh). First, the impurities were eluted with n-

hexane/ethyl acetate (6:1). Then the desired compound 19 was obtained as a light wheat color 

crystalline powder (0.93 g) by eluting with 1:2 n-hexane/ethyl acetate.  

Color: Light Wheat, Yield: 68%. mp, 59 °C; Anal. Calcd for C9H7N3·¼H2O: C, 66.86, H, 4.68, 

25.99. Found. C, 66.29, H, 4.45, N, 25.39. 1H-NMR (CDCl3, 400 MHz): δ ppm 7.36 (ddd, J1 = 

8Hz, J2 = 4.8Hz, J3 = 1.2Hz, 1H), 7.84 (td, J1 = 8Hz, J2 = 1.8Hz, 1H), 8.36 (dt, J1 = 8Hz, J2 = 1Hz, 
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1H) 8.59 (d, J = 2.4Hz, 1H), 8.61 (m, 1H), 8.72 (m, 1H), 9.63 (d, J = 1.35Hz, 1H); 13C NMR 

(CDCl3, 300 MHz) δ ppm 121.2, 121.6, 124.1, 124.7, 137.0, 143.3, 143.4, 143.8, 144.2, 144.6, 

149.3, 151.1, 154.2. HRMS (ESI) m/z: [M+H]+ Calcd for C9H7N3 157.00; found 157.92. 

2.2.3.14 Preparation of methyl-5-methylpyrazine-2-carboxylate (20).76 

The compounds 20 to 23 ware synthesized by minor modification of procedures reported 

by G. Madhusudhan et al. 5–Methylpyrazine-2-carboxylic acid 14 (50 g, 0.362 mol) was dissolved 

in methanol (150 mL) with stirring at 0-5 °C. To this solution, 4 mL of concentrated sulfuric acid 

was added dropwise and then the reaction mixture was stirred at 65 °C for 8 h. It was next cooled 

to room temperature and excess methanol was removed from the solution by rotary evaporation at 

30 oC. The crude compound was partitioned between water (200 mL) and toluene (300 mL). The 

water layer was separated from the toluene layer and extracted with toluene (3×200 mL). The 

combined organic layers were washed with 2% aqueous sodium hydroxide solution (50 mL), dried 

over sodium sulfate, filtered and concentrated under vacuum at T <50 °C to give the desired 

compound 20. Crystals were grown using the vapor diffusion technique. The inner vial contained 

5-methyl-2-pyrazinecarboxylate in dichloromethane and the outer vial contained methanol. 

Crystals were harvested from the inner vial after 36 h. 

Color: Light Brown, Yield: 82%. mp, 93 oC; Anal. Calcd for C7H8N2O2: C, 55.26, H 5.30, N, 

18.41. Found. C, 55.14, H, 5.13, N, 18.64; 1H-NMR (CDCl3, 400 MHz): δ ppm 2.62 (3H, S), 3.98 

(s, 3H), 8.53 (d, J = 1.8Hz, 1H), 9.14 (d, J = 1.8Hz, 1H); 13C NMR (CDCl3, 300 MHz) δ ppm 21.5, 

22.1, 52.6, 53.0, 140.3, 143.8, 144.3, 145.0, 145.4, 157, 164.5. HRMS (ESI) m/z: [M+H]+ Calcd 

for C7H8N2O2 153.05; found 153.00. 
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2.2.3.15 Preparation of 5-methylpyrazine-2-carboxamide (21). 

Ammonia gas was bubbled into a stirring solution of crude compound 20 (60.0 g, 0.394 

mol) in methanol (400 mL) at 0-5 °C for 4 h. After completion of the reaction (monitored by TLC), 

the product was separated by filtration and washed with pre-cooled methanol (2×30 mL) to give 

compound 21. Crystals were obtained by allowing methanol to evaporate from a solution 

containing a small amount of compound. 

Color: Light Brown, Yield: 84%. mp, 207 oC; Anal. Calcd for C6H7N3O: C, 52.15, H, 5.14, N, 

30.64. Found. C, 53.35, H, 5.23, N, 31.07. 1H-NMR (CDCl3, 400 MHz): δ ppm 2.66 (s, 3H), 5.88 

(bs, 2H), 8.40 (d, J = 1.8Hz, 1H), 7.59 (bs, 2H), 9.28 (d, J = 1.8Hz, 1H); 13C NMR (CDCl3, 300 

MHz) δ ppm 141.45, 142.4, 143.4, 143.6, 165.6. HRMS (ESI) m/z: [M+H]+  Calcd for C6H7N3O 

138.05; found 137.92. 

2.2.3.16 Preparation of 2-amino-5-methylpyrazine (22). 

To a stirring solution of potassium hydroxide (72 g, 1.28 mol) in water (400 mL) at 0-5 °C, 

bromine (21 mL, 0.362 mol) was added dropwise at very slow rate. Compound 21 (46 g, 0.336 

mol) was then added to the reaction mixture at 5 °C. After an hour another portion of KOH (18 g, 

0.302 mol) was added to the reaction mixture while the mixture at 5 °C. Then the mixture was 

heated to 85-90 °C. After completion of the reaction, (~5 h monitored by TLC), the product was 

extracted with dichloromethane (3×100 mL). The collected organic layers were washed with 

water, dried with sodium sulfate and evaporated under reduced pressure to give a residue. The 

residue was triturated with n-hexane and the obtained solid was filtered to give compound 22. 

Crystals were obtained from the crude product. 

Color: Yellow, Yield: 72%. mp, 114-115 oC; Anal. Calcd for C5H7N3: C, 55.03, H, 6.47, N, 38.50. 

Found. C, 55.13, H, 6.60, N, 38.61. 1H-NMR (CDCl3, 400 MHz): δ ppm 2.38 (s, 3H), 4.44 (bs, 
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2H), 7.86 (m, 1H), 7.90 (d, J = 2Hz, 1H); 13C NMR (CDCl3, 300 MHz) δ ppm 19.8, 20.3, 130.8, 

131.3, 140.9, 142.5, 152.3. HRMS (ESI) m/z: [M+] Calcd for C5H7N3 110.06; found 110.00.  

2.2.3.17 Preparation of 2-bromo-5-methylpyrazine (23). 

Powdered 2-amino-5-methylpyrazine 22 (6 g, 0.055 mol) was added with vigorous stirring 

to 48% aqueous hydrobromic acid (100 mL) at a temperature between 25 to 30 °C. (At this point 

mechanical stirring replaced magnetic stirring due to the viscous nature of the subsequent 

reaction.) The reaction mixture was cooled to -50 °C by using dry ice in acetone bath after the 

compound was completely dissolved. Cooled bromine (12 mL) was then added dropwise over 1 h 

maintaining the temperature at -50 °C. Then sodium nitrite (12 g, 0.173 moles in 24 mL water) 

was added dropwise to the reaction mixture while maintaining the temperature at approximately -

50 °C for 90 minutes. Then the reaction mixture was basified with aqueous sodium hydroxide (pH 

˃ 9) at temperatures below -20 oC followed by extraction of the product with n-hexane (3×100) 

which subsequently was concentrated to approximately 50 mL. The concentrate was cooled to -15 

°C and stirred for 30 minutes. The white solid that precipitated (23) was isolated by filtration. 

Crystals were obtained by dissolving the compound in hexane solution and placed in the freezer. 

Crystals were not stable at room temperature. 

Color: White, Yield: 64%. mp, 44-45 °C; Anal. Calcd for C5H5N2Br: C, 34.71, H, 2.91, N, 16.19. 

Found. C, 34.17, H, 2.77, N, 16.09; 1H-NMR (CDCl3, 400 MHz): δ ppm 7.90 (d, J = 2Hz, 1H), 

7.86 (m, 1H), 4.44 (bs, 2H), 2.38 (s, 3H); 13C NMR (CDCl3, 300 MHz) δ ppm 20.6, 137.8, 144.3, 

146.40, 152.3. HRMS (ESI) m/z: [M]+ Calcd for C5H5N2Br 172.96; found 172.92, 174.92. 

2.2.3.18 Preparation of 2-(tributylstannyl)-5-methylpyrazine (24). 

The procedure described for the preparation of 16 (see above) was followed using 2- 

bromo-5-methylpyrazine (3.00 g, 17.34 mmol). It was added to 50 mL of anhydrous diethyl ether 
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under a nitrogen atmosphere in to a Schlenk flask containing a side-arm stopcock and magnetic 

stirring bar. The flask was cooled to -78 oC followed by the dropwise addition of 2.5 M n–BuLi in 

hexane solution (10.32 mL, 25.8 mmol). After the reaction solution was stirred at -78 °C for 2 h 

(120 min), tributyltin chloride (7.02 mL, 25.8 mmol) was added dropwise to the reaction mixture. 

Stirring was continued for 4 h. The cooling bath was removed and the solution was stirred for an 

additional 12 h at room temperature. The solvent was removed under vacuum. Then 60 mL of 

diethyl ether was added. The mixture was filtered to remove solid impurities. Next, the solvent 

was evaporated under reduced pressure. The resulting 2-(tributylstannyl)-5-methylpyrazine (5.28 

g) 23 was used in the preparation of 5,5’-dimethyl-2,2’-bipyrazine without any further treatment. 

Yield: 82%. 

2.2.3.19 Preparation of 5 methyl-2,2’-bipyrazine (25).  

The procedure described for the preparation of 17 (see above) was followed using 2-

(tributylstannyl)-5-methylpyrazine in place of 2-(tributylstannyl)pyrazine. 2-(Tributylstannyl)-5-

methylpyrazine (3.12 g, 8.16 mml) dissolved in 60 mL xylene was reacted with 2-bromopyrazine 

(1.30 g, 8.16 mmol) in the presence of Pd(PPh3)4 (0.0.40 g, 0.36 mmol). The crude solid product 

was purified via flash column chromatography (silica gel, 230-450 mesh). First the impurities were 

removed by eluting with n-hexane/ethyl acetate (3:1). Then 1.04 g of white color mixed-ring 

compound was obtained after eluting with n-hexane/ethyl acetate (1:3).  

Color: White, Yield: 68%. mp, 183 °C, Anal. Calcd for C9H8N4: C, 62.78, H, 4.68, N, 32.54. 

Found. C, 62.60, H, 4.46, N, 32.41; 1H-NMR (CDCl3, 400 MHz): δ ppm 2.66 (s, 3H), 8.53 (dd, J1 

= 1.8Hz, J2 = 1Hz, 1H), 9.45 (d, J = 2Hz, 1H), 8.62-8.65 (m, 2H), 9.55 (d, J = 1.8Hz, 1H ); 13C 

NMR (CDCl3, 300 MHz) δ ppm 21.9, 142.2, 142.4, 143.1, 143.3, 143.5, 143.5, 143.9, 144.6, 145.0, 

146.4, 149.6, 154.7. HRMS (ESI) m/z: [M+H]+ Calcd for C9H8N4 172.07; found 173.00. 
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2.2.3.20 Preparation of 2-methyl-5-(pyridine-2-yl) pyrazine (26). 

A modification of the procedure described for the preparation of 17 (see above) was 

followed. 2-(Tributylstannyl)-5-methylpyrazine (3.12 g, 8.16 mmol) in 60 mL xylene was 

reacted with 2-bromopyridine (1.28 g, 8.16 mmol) in the presence of Pd(PPh3)4 ( 0.40 g, 0.36 

mmol). The crude solid product was purified via flash column chromatography (silica gel, 230-

450 mesh). First the impurities were removed by eluting with n-hexane/ethyl acetate (3:1). Then 

0.93 g of the mixed-ring compound was obtained after eluting with n-hexane/ethyl acetate (1:3). 

Color: White, Yield: 64%. mp, 73 °C; Anal. Calcd for C10H9N3: C, 70.16, H, 5.30, N, 24.54. 

Found. C, 70.49, H, 5.36, N, 24.71. 1H-NMR (CDCl3, 400 MHz): δ ppm 9.55 (d, J = 1.8Hz, 1H), 

9.45 (d, J = 2Hz, 1H), 8.62-8.65 (m, 2H), 8.53 (dd, J1 = 1.8Hz, J2 = 1Hz, 1H), 2.66 (3H, s); 13C 

NMR (CDCl3, 300 MHz) δ ppm 21.3, 120.9, 123.9, 136.8, 142.0, 143.1, 148.1, 143.9, 153.5. 

HRMS (ESI) m/z: [M+H]+ Calcd for C10H9N3 171.07; found 172.00. 

2.2.3.21 Preparation of 5,5’-dimethyl-2,2’-bipyrazine (27). 

2-(Tributylstannyl)-5-methylpyrazine (1.75 g, 4.73 mmol) was dissolved in 40 mL of dry 

xylene in a round-bottom flask under an argon atmosphere. Second, the compounds 2-bromo-5-

methylpyrazine (0.78 g, 4.56 mmol) and Pd(PPh3)4 (0.24 g, 0.21 mmol) were added to a three-

neck round-bottom flask equipped with a reflux condenser and a magnetic stir bar in a glove bag 

under argon. The assembly was removed from the glove bag and purged with argon again. Next 

the xylene solution containing 2-(tributylstannyl)-5-methylpyrazine was cannulated into the flask 

containing 5-methylpyrazine and the palladium catalyst. The reaction mixture was heated under 

an argon atmosphere at 120 oC for 12 h and then cooled to room temperature. The residue was 

basified with aqueous sodium hydroxide (15 ml, 2M, pH > 9) and the compound was extracted 

with toluene which was dried with MgSO4. The solid was removed under rotary evaporation, and 
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then the crude solid product was purified via flash column chromatography (silica gel, 230-450 

mesh) using n-hexane/ethyl acetate (5:1) as eluent. The yield for 27 was 0.58 g. 

Color: White, Yield: 68%. mp, 148 °C, Anal. Calcd for C10H10N4: C, 64.50, H, 5.41, N, 30.09. 

Found. C, 64.76, H 5.49, N, 30.00.  1H-NMR (CDCl3, 400 MHz): δ ppm 2.63 (s, 6H,), 8.49 (s, 2H), 

9.39 (s, 2H); 13C NMR (CDCl3, 300 MHz) δ ppm 21.52, 142.0, 143.4, 146.7, 154.1.17. HRMS 

(ESI) m/z: [M+H]+ Calcd for C10H10N4 186.09; 187.00. 

2.2.3.22 Preparation of [2,2’-bipyrazine]-5,5’-dicarboxylic acid (28). 

Potassium dichromate (3.4 g, 3.8 mmol) was added in small portions to a stirring solution 

of 5,5’-dimethyl-2,2’-bipyrazine (0.72 g, 3.88 mmol) in sulfuric acid (60 ml, 98%) initially at 70 

°C. (Occasional cooling with a water bath during the addition of potassium dichromate was 

necessary to maintain the temperature between 70 °C and 80 °C). Heating was discontinued after 

all the potassium dichromate was added. The resulting deep green mixture was poured into 500 

mL of ice water. After the temperature fell below 40 °C, a light-green colored precipitate was 

collected, washed with water until the filtrate was white and allowed to dry. The resulting white 

solid was further purified by refluxing it in 60 mL of 50% nitric acid for 4 h. This solution was 

poured over ice in 1 L of water. The solid 28 was removed by filtration, washed with water (40-

50 mL), then acetone (3×15 mL) and allowed to dry. 

Color: White, Yield: 84%. Anal. Calcd for C10H6N4O4·1½H2O: C, 43.92, H, 3.29, N, 20.50. Found. 

C, 44.29, H, 3.80, N, 20.30. 1H-NMR (CDCl3, 400 MHz): δ ppm 9.34 (d, J = 1.2Hz, 2H), 9.64 (d, 

J = 1.2Hz, 2H); 13C NMR (CDCl3, 300 MHz) δ ppm 139.2, 144.6, 155.1, 159.8, 171. HRMS (ESI) 

m/z: [M+H]+ Calcd for C10H6N4O4 246.03; found 247.00. 
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2.2.3.23 Preparation of dimethyl [2,2'-bipyrazine]-5,5'-dicarboxylate (29). 

 Concentrated sulfuric acid (1 mL) was added dropwise to a stirring solution of 2,2’-

bipyrazine-5,5’-dicarboxylic acid (0.42 g, 1.54 mmol) in methanol (40 mL) at 0-5 °C. The reaction 

mixture was then refluxed at 80 °C for 36 h to obtain a clear solution. Then it was cooled to room 

temperature. After 100 mL of water was added, the pH was adjusted to neutral with a 2M NaOH 

solution. The desired compound precipitated, was removed by filtration and washed with water 

(pH 7). The compound was dried to obtain 29.  

Color: White, Yield 86%. Anal. Calcd for C12H10N4O4: C, 52.56, H, 3.68, N, 20.43. Found. C, 

52.73, H, 3.90, N, 20.61. 1H-NMR (CDCl3, 400 MHz): δ ppm 4.09 (s, 3H), 9.39 (d, J = 2Hz, 2H), 

9.75(s, 2H); 13C NMR (CDCl3, 300 MHz) δ ppm 58.2, 142.6, 144.5, 18.6 149.2, 166.2. HRMS 

(ESI) m/z: [M+H]+ Calcd for C12H10N4O4 274.00; found 274.33. 

2.3 Results and Discussion 

2.3.1 Syntheses: 

The synthetic routes for bidentate ligand, 4,4’-dicarboxy-2,2’-bipyridine (dcbpy) is shown 

in Scheme 2.1. The sequence of reactions involves oxidation of the methyl groups of 4,4’-

dimethyl-2,2’-bipyridine (dmbpy) with potassium dichromate to yield ligand 2. 

 

Scheme 2. 1 Synthesis of 4,4’-dicarboxy-2,2’-bipyridine 

Scheme 2.2 illustrates the syntheses of 1,10-phenanthroline bidentate derivatives. 1,10-

phenanthroline 3 underwent epoxidation to generate the 5,6-epoxy-1,10-phenanthroline 4 by 
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reaction with sodium hypochlorite at pH, 8.0 - 9.0. In order to obtain an optimum yield, it was 

necessary to maintain the pH of the reaction mixture in the range 8.0 - 9.0. Cyanation of 5,6-epoxy-

1,10-phenanthroline 4 with KCN resulted in the formation of compound 5. Hydrolysis of the nitrile 

under basic conditions using aqueous potassium hydroxide yielded compound 6 whereas partially 

hydrolyzed product 7 formed using sodium hydroxide. Compound 8 was obtained when 1,10-

phenanthroline was exposed to strong oxidation conditions (KMnO4 and KOH). Compound 8 and 

malononitrile underwent the Knoevenagel condensation to generate alkene derivative 9 in presence 

of the catalytic amount of piperidine. The monodentate ligand methyl isonicotinate 11 was 

produced by oxidation of the aldehyde of compound 10 with sodium nitrite in the presence of 

iodine followed by esterification (Scheme 2.3). 

 
 
Scheme 2.2 Preparation of derivatives of 1,10-phenanthroline: 1,10-phenathroline (phen) 3; 4,5-
epoxyphenanthroline(epoxy-phen) 4; 5-cyano,1-10-phenanthroline (5-CN-phen) 5, 5-caboxy,1-
10-phenanthroline (5-COOH-phen) 6, 5-amido-1-10-phenanthroline (5-NH2CO-phen) 7, 4,5 
diazoflourine-9-one (dafo) 8; 2-(5H-cyclopenta[2,1-b:3,4-b']dipyridin-5-ylidene)malononitrile 
(9-Mdafo) 9  
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Scheme 2.3 Preparation of Methyl Isonicotinate: 4-carbinalpyridine 10; 4-methyl isonicotinate 
(4-COOCH3-py) 11 

 

Schemes 2.4 to 2.7 present the syntheses of 2,2’-bipyrazine, its derivatives, and the 

mixed-ring biaryl N-heterocycle containing pyrazine and pyridine, while details of syntheses are 

given in the experimental section. The chemistry of each scheme is summarized below. 

 
 

Scheme 2.4 Synthesis of 2,2'- bipyrazine (17) and 2-(pyridin-2-yl) pyrazine (19) 

 
The synthesis of 2,2’-bipyrazine started with 2-chloropyrazine (12) due to its commercial 

availability and low cost. It was converted into 2-bromopyrazine (15) using the procedure 

described by Manfred Schlosser et al.73 The intermediate 2-tributyltinpyrazine (16) was prepared 

by treating 2-bromopyrazine with n-BuLi in ether at –78 oC followed by addition of Bu3SnCl. The 
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Stille coupling reaction with the Pd(PPh3)4 catalyst was used to synthesize 2,2’-bipyrazine (17)71,77 

with an overall yield of 30% yield from 12. 

Two pathways were used to prepare the mixed-ring biaryl N-heterocycle containing 

pyrazine and pyridine (19). In one pathway the intermediate 16 was reacted with 2-bromopyridine 

to give 19; in the other pathway intermediate 18 was reacted with 2-bromopyrazine to give 19 with 

an overall yield 60%. The overall yield was greater via the second route. 

 

Scheme 2.5 Synthesis of 2-bromo-5-methylpyrazine76 

To prepare the 2-bromo-5-methylpyrazine for synthesizing substituted 2,2’-bipyrazine 

derivatives, the series of reactions shown in Scheme 2.5 were performed starting with 

commercially available 5-methylpyrazine-2-carboxylic acid (14). Esterification of 14 in the 

presence of a catalytic amounts of H2SO4 provided the intermediate 20 in good yield. Ester 20 was 

treated with ammonia to generate the amide intermediate 21 which was further converted to 2-

amino-5-methylpyrazine 22 using bromine and aq. KOH by way of the Hoffman rearrangement 

reaction. Finally, the air sensitive compound, 2-bromo-5-methylpyrazine (23), was obtained by 

reaction with NaNO2, HBr, and Br2 with an overall yield of 32% from 14.71,77 

 In Scheme 2.6, 2-bromo-5-methylpyrazine (23) was reacted with 2-bromopyrazine to 

obtain 25 in 56% yield and with 2-bromopyridine to obtain 26 in 53% yield. To the best of our 

knowledge, it is the first report for the synthesis of the hetero bipyrazine compounds. 
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Scheme 2.6 Synthesis of substituted pyrazine derivatives 

 The synthesis of 5,5’-dicarboxyl-2,2’-bipyrazine (28) is illustrated in Scheme 2.7. It 

involves coupling of 24 with 23 and oxidation of the methyl groups with K2Cr2O7 to form the 

carboxyl groups.  

 

Scheme 2.7 Synthesis of dimethyl [2,2'-bipyrazine]-5,5'-dicarboxylate (dmcbpz) 

The compounds were characterized by elemental analysis, 1H and 13C NMR and mass 

spectra. Single crystal X-Ray structures were obtained for the seven compounds: 2,2’-bipyrazine 

(17), 2-(pyridin-2-yl) pyrazine (19), methyl-5-methylpyrazine-2-carboxylate (20), 5-

methylpyrazine-2-carboxamide (21), 2-amino-5-methylpyrazine (22), 2-bromo-5-methylpyrazine 

(23), and 2-methyl-5-(pyridine-2-yl) pyrazine (26). 
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2.3.2 Reaction Mechanisms 

 

 

Scheme 2.8 Formation of pyrazine diazonium ion, brominaion78 

The mechanism for formation of 2-bromo-5-methylpyrazine from 2-amino-5-

methylpyrazine is shown in Scheme 2.878 The reaction was initiated by formation of the nitronium 

ion which attacks the amine group attached to 2-amino-5-methylpyrazine I. A series of steps, I to 

VII, then follow resulting in formation of the bromide salt of the diazonium ion VII. Then a single 

electron transfer (SET) occurs from molecular bromine to the diazonium to form a neutral diazo 

radical IX and the bromonium ion. The diazo radical then releases a molecule of nitrogen gas to 

form a 5-methylpyrazine radical X. The 5-methylpyrazine radical then reacts with the bromine 

radical to yield the final 2-bromo-5-methylpyrazine XI.  
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Scheme 2.9 Resonance structures of aryl, pyridyl, pyrazyl diazonium ions 

Scheme 2.9 shows the resonance structures of aryl, pyridyl and pyrazyl diazonium ions. 

Generally, the aryl diazonium ions are stable enough in the 0 to 5 oC range for reduction by a single 

electron to produce an aryl radical and molecular nitrogen (N2) using CuBr as a catalyst. But the 

pyrazine diazonium ion is very unstable and decomposes immediately when CuBr is used as the 

catalyst at 0 oC. To our knowledge, the positive charge on the two nitrogen atoms of the pyrazine 

ring in its resonance structures decreases the stability of the pyrazyl diazonium ion. Because of 

this, bromine was added into reaction mixture as the catalyst and the temperature was lowered to 

-45 oC prior to formation of the pyrazyl diazonium ion. 

 

Scheme 2.10 Stille coupling reaction mechanism for C-C bond formation73 
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Scheme 2.10 shows the Stille coupling mechanism used for syntheses of bipyrazine and N-

heterocyclic biaryl molecules.73 It forms C-C bonds by reaction between stannanes and bromo 

pyrazines. This method allows the preparation of stannanes of pyridine, pyrazine, and derivative 

pyrazines which are stable. Stannanes are stable, but boronic acids and their derivatives undergo 

much the same chemistry in what is known as the Suzuki Coupling.79 We have found Stille 

coupling to be more advantageous than Suzuki coupling which uses boronic acids in preparation 

of N-heterocyclic biaryl molecules. 

2.3.3 X-Ray Structure Information 

 
 Crystal data for 20, 21, 22, and 23 are listed in Table 2.1 and ORTEP diagrams at 50% 

probability are shown in Figure 2.1. Among these, compounds 22 and 23 are reported here. 

Compounds 20 and 21were previously reported by our group.80,81 

Table 2.1 Experimental structure details of pyrazine derivatives 20-23 

 Methyl 5-
methylpyrazine-2-
carboxylate 20 

5-Methylpyrazine-2-
caboxamide 21 

5-Methylpyrazine-2-
amine 22 

2-Bromo-5-
methylpyrazine 23 

Empirical 
formula 

C7H8N2O2 C6H7N3O C5H7N3 C5H5BrN2 

Formula 
weight 

152.15 137.15 109.14 173.02 

Temperature 150 K 100 K 150 K 150 K 
Wavelength 0.71073 Ǻ 0.71073 Ǻ 0.71073 Ǻ 0.71073 Ǻ 
Crystal 
system 

Monoclinic Monoclinic Triclinic Monoclinic 

Space group P21 P21/n P-1 P21/n 
Unit cell 
dimensions 

a = 3.88720(10) Å a = 3.7592(9) Å a = 6.579(4) Å a = 6.671(2) Å 

 b = 6.8386(3) Å b = 6.7317(13) Å b = 8.143(3) Å b = 14.867(5) Å 
 c = 13.6279(5) Å c = 25.290(5) Å c = 14.800(5) Å c = 12.513(4) Å 
 α = 90° α = 90° α = 99.13(2)° α = 90° 
 β = 93.303(2)° β = 93.106(14)° β = 96.71(3)° β = 101.105(18)° 
 γ = 90° γ = 90° γ = 111.12(3)° γ = 90° 
Volume 361.67(2) Å3 639.0 (2) Å3 717.1(6) Å3 1217(7) Å3 
Z 2 4 5 8 
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Table 2.1 (continued) 

 Methyl 5-
methylpyrazine-
2-carboxylate 20 

5-
Methylpyrazine-
2-caboxamide 21 

5-Methylpyrazine-
2-amine 22 

2-Bromo-5-
methylpyrazine 
23 

Calculated 
density 

1.397 g/cm3 1.425 g/cm3 1.264 g/cm3 1.887 g/cm3 

Absorption 
coefficient 

0.105 mm-1 0.10 mm-1 0.084 mm-1 6.635 mm-1 

F(000) 160.0 288 290.0 672.0 
Crystal size 0.657 x 0.652 x 

0.562 mm 
0.217 x 0.113 x 
0.085 mm 

0.953 x 0.795 x 0.344 
mm 

0.666 x 0.638 x 0.35 
mm 

Crystal habit Block Needle Plate Block 
Crystal color Clear colorless Colorless Colorless Colorless 
θ range for 
data collection 

3.334 to 27.119° 3.132 to 25.406° 2.839 to 27.39° 2.74 to 27.354o 

 -4≤ h ≤ 4 -4≤ h ≤ 4 -4≤ h ≤ 8 -8≤ h ≤ 8 
Limiting 
indices 

-8 ≤ k ≤ 8 -8 ≤ k ≤ 8 -10 ≤ k ≤ 9 -19 ≤ k ≤ 18 

 -17 ≤ l ≤ 17 -30 ≤ l ≤ 30 -18 ≤ l ≤ 18 -16 ≤ l ≤ 16 
Reflections 
collected / 
unique 

9931/1556 
[R(int) = 0.0149] 

7302/1182 [R(int) = 
0.0457] 

9406/3027 [R(int) = 
0.0321] 

34208/2698 [R(int) 
= 0.0576] 

Absorption 
Correction 

Numerical Semi-empirical from 
equivalents 

Numerical Numerical 

Max. and min. 
transmission 

0.976 and 0.925 0.2590 and 0.2180 0.972 and 0.923 0.2581/0.0656 

Refinement 
method 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Data / 
restraints / 
parameters 

1556/1/102 1182/2/100 3027/ 0 / 187 2698/0/147 

GOF 1.14 1.032 1.038 1.108 
Final R 
indices 
[I>2σ(I)] 

R1 = 0.0290, wR2 
= 0.0817 

R1 = 0.0425, wR2 = 
0.0922 

R1 = 0.0730, wR2 = 
0.1980 

R1 = 0.0497, wR2 = 
0.1372 

R indices (all 
data) 

R1 = 0.0303, wR2 
= 0.0827 

R1 = 0.0713, wR2 = 
0.1041 

R1 = 0.1088 wR2 = 
0.2319 

R1 = 0.0845 wR2 = 
0.1604 

Largest diff. 
peak and hole 

0.20 and -0.17e.Å-3 1.96 and -0.21 e.Å-3 0.49 and -0.30 e.Å-3 1.68 and -0.71 e.Å-3 
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  20           21             22        23 

Figure 2.1 ORTEP diagrams at 50% probability are shown for methyl-5-methylpyrazine-2-
carboxylate (20), 5-methylpyrazine-2-carboxamide (21), 2-amino-5-methylpyrazine (22), 2-
bromo-5-methylpyrazine (23). Color code: C-black, N-blue, O-red, Br-brown, H-white 
 
Table 2.2  Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) Measured Using 
X-Ray Crystallography.  

 
Measured Methyl-5-

methylpyrazine-2-
carboxylate 20 

5-Methyl-pyrazine-2-
caboxamide 21 

5-Methyl-
pyrazine-2-
amine 22 

2-Bromo-5-
methylpyrazine 

23 

  Bond Lengths, Å   

C – C(Me) 1.494(2) 1.491(3) 1.510(3) 1.515(8) 

C – C(O) 1.497(2) 1.496(3)   

C=O 1.203(2) 1.241(2)   

C(Me)–O/N(H2)-C 1.451(2) 1.333(2)   

C – NH2   1.359(3)  

C – Br    1.897(6) 

  Bond Angleso   

C – C = O 122.10(15) 119.16(16)   

C(Me) – O -C 114.85(14)    

N(NH2) – C - C  116.48(16) 120.7(2)  

N – C – N   119.9(2)  

N – C - Br    118.6(4) 

  Torsion Angleso   

Ring and plane of C-
CO-C/N 

5.4(1) 2.14(11)   

 

Selected bond lengths and bond angles are listed in Table 2.2. The C-C(Me) bond 

distance of 20, 21, 22, and 23 are respectively, 1.49 Å, 1.49 Å, 1.51 Å and 1.51 Å, which is 
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within the range of carbon-carbon single bonds.82 The C=O in 20 is 1.20 Å and C=O in 21 is 

1.24 Å. There is a 0.04 Å variation between 20 and 21, the C=O bond in 20 is shorter than the 

C=O bond in 21. The C-C & C-N bonds distances in the pyrazine ring in all compounds are 

within the range of average values reported previously for related pyrazine and six membered 

heterocyclic rings.49 The bond lengths of the C-C bridge are ~1.48 Å whereas those in the six 

membered rings are ~1.38 Å. The C-N bond lengths in the six membered rings of pyrazine, 

pyridine, and related six membered heterocyclic substrates are ~1.36 Å.49 

Crystal data for 17, 19, and 26 are listed in Table 2.3 and ORTEP diagrams at 50% 

probability are shown in Figure 2.2. Compounds 19 and 26 are reported here; compound 17 was 

reported previously by our group.49 Selected bond lengths and bond angles are listed in Table 2.4. 

Table 2.3 Experimental structure details of heterocyclic biaryl compounds 17, 19 & 26 

 
 2,2’-Bipyrazine 

17 
2-(Pyridine-2-yl)- 

pyrazine 19 
2-Methyl-5-(pyridine-

2-yl) pyrazine 26 
Empirical 
formula 

C8H6N4 C9H7N3 C10H9N3 

Formula 
weight 

158.17 157.18 171.20 

Temperature 150 K 150 K 100 K 
Wavelength 0.71073 Ǻ 0.71073 Ǻ 0.71073 Ǻ 

Crystal 
system 

Triclinic Triclinic Orthorhombic 

Space group P-1 P-1 Pna21 
Unit cell 

dimensions 
a = 3.6790(3) Å a = 5.771(2) Å a = 13.792(5) Å 

 b = 5.2780(4) Å b = 13.038(5) Å b = 6.416(2) Å 
 c = 9.4360(7) Å c = 15.085(6) Å c = 9.959(3) Å 
 α = 102.560(4)° α = 89.742(19)° α = 90° 
 β = 92.873(4)° β = 87.965(16)° β = 90° 
 γ = 100.975(4)° γ = 89.915(16)° γ = 90° 

Volume 174.77(2) Å3 1134.3(7) Å3 881.3 (5) Å3 
Z 1 6 4 

Calculated 
density 

1.503 g/cm3 1.381 g/cm3 1.290 g/cm3 

Absorption 
coefficient 

0.100 mm-1 0.088 mm-1 0.081 mm-1 

F(000) 82 492.0 360 
Crystal size 0.41 x 0.36 x 0.22 

mm 
0.674 x 0.572 x 

0.328 mm 
0.779 x 0.432 x 0.2 mm 

Crystal habit Prism Needle Plate 
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Table 2.3 (continued) 

 2,2’-Bipyrazine 
17 

2-(Pyridine-2-yl)- 
pyrazine 19 

2-Methyl-5-(pyridine-
2-yl) pyrazine 26 

Crystal color Colorless Colorless Colorless 

θ range for 
data collection 

4.04 to 26.00° 1.561 to 27.327° 3.502 to 27.171° 

 -4≤ h ≤ 4 -5≤ h ≤ 7 -17≤ h ≤ 17 
Limiting 
indices 

-6 ≤ k ≤ 6 -15 ≤ k ≤ 16 -7 ≤ k ≤ 8 

 -11 ≤ l ≤ 11 -18 ≤ l ≤ 19 -12 ≤ l ≤ 12 
Reflections 
collected / 

unique 

3347/692 [R(int) = 
0.0146] 

32779/4624 
[R(int) = 0.0448] 

15184/1877 [R(int) = 
0.0455] 

Absorption 
Correction 

Numerical Numerical Numerical 

Max. and min. 
transmission 

0.9787 and 0.9608 0.7455 and 0.6793 0.7455 and 0.6135 

Refinement 
method 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Data / 
restraints / 
parameters 

692/0/55 4624/0/325 1877/1/119 

GOF 1.096 1.087 1.017 
Final R 
indices 

[I>2σ(I)] 

R1 = 0.0312, wR2 
= 0.0906 

R1 = 0.0638, wR2 
= 0.1862 

R1 = 0.0473, wR2 = 
0.1163 

R indices (all 
data) 

R1 = 0.0355 wR2 = 
0.0956 

R1 = 0.0900, wR2 
= 0.2068 

R1 = 0.0764, wR2 = 
0.1330 

Largest diff. 
peak and hole 

0.202 and -0.207 
e.Å-3 

0.30 and -0.37e.Å-3 0.20 and -0.14 e.Å-3 
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          17                  19                                               26 

Figure 5.2 ORTEP diagrams at 50% probability are shown for 2,2’-bipyrazine (17), 2-(pyridin-
2-yl) pyrazine (19) and 2-methyl-5-(pyridine-2-yl) pyrazine (26). Color scheme: C-black, N-
blue, H-white. 
 

Table 2.4 Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) Measured Using 
X-Ray Crystallography 

Measured 2,2’-bipyrazine 17 2-(pyridin-2-yl) 
pyrazine 19 

2-methyl-5-(pyridine-
2-yl) pyrazine 26 

  Bond Lengths, Å  

C(Me) - C   1.371(4) 

C – C (bridge) 1.4796(19) 1.481(3) 1.482(4) 

C – N (pyz) 1.3388(14) 1.340(3) 1.336(4) 

C – N (py)  1.347(3) 1.352(4) 

C - C (pyz)  1.374(3) 1.379(5) 

C – C (py)  1.379(3) 1.379(5) 

  Bond Angleso  

C(Me)-C-N   118.3(3) 

C-C—N(pyz) 117.26(11) 117.61(18) 120.3(3) 

C-C-N(py)  116.01(18) 116.0(2) 

 

The bond lengths of substituted pyrazines are 1.35 Å for C-NH2 in compound 22 and 

1.89 Å for the C-Br bond in compound 23. The C-N-C bond angles in the rings are slightly 
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smaller than 120o due to the lone pair of electron on the N atoms and N-C-C bond angles are 

larger than 120o which is common in heterocyclic biaryl six membered rings.83  

2.4 Conclusion 

Various bidentate ligands, bipyridine derivatives, 1,10-phenanthroline derivatives and 

bipyrazine derivatives, have been successfully synthesized and characterized. And also the 

synthesis of a series pyrazine compounds leading to their bromo derivatives is presented along with 

coupling of the bromo species to yield C-C bridged dimers. X-Ray structures, elemental analyses, 1H 

NMR, 13C NMR and mass spectral data of the compounds are given. New pathways are presented to 

synthesize heterocyclic and mixed heterocyclic ligands to form transition metal complexes. 
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CHAPTER 3 
 

SYNTHESIS AND CHARACTERZATION OF RHENIUM(I) 4,4’- 
DICARBOXY-2,2’-BIPYRIDINE TRICARBONYL COMPLEXES 

 

3.1 Introduction 

Ever since Grätzel and O’Regan reported Dye-Sensitized Solar Cells (DSSC), solar cells 

based on dye-sensitized nanostructured metal oxides have attracted extensive attention on account 

of their attractive advantages, such as low cost, less toxic manufacturing, easy scale-up, light-

weight and potential use of flexible panels, compared to conventional p–n junction devices.27,84 

Among the various oxides studied.20,85–87 TiO2 has been the most extensively studied oxide in 

DSSCs. However, TiO2 based DSSCs have demonstrated less than 10% overall solar to electrical 

conversion efficiencies.20,22,23,86,87 Interfacial charge separation and recombination processes of 

various dye molecules attached to TiO2 have been etencively examined to identify the most 

efficient systems for solar energy harvesting.88 

Resulting quantitative tests revealed substantial changes in Brønsted acidity or basicity of 

organic molecules containing acid or basic units.89 For example, Weber reported the blue-violet 

absorbance from 1-naphthylamine-4-sulfonate changes to green in acidic medium.20 Therefore, it 

would be of interest to study the protonation effect on charge separation and recombination 

processes of Re(I) complexes-TiO2 systems. Hence, we have synthesized a series of rhenium(I) 

tricarbonyl complexes containing 4,4'-substituted-2,2'-bipyridine as ligands.  

The synthesis, characterization, and studies of photoelectrochemical properties of fac-

Re(dcbpy)(CO)3(X), where dcbpy is 4,4′-(COOH)2-2,2′-bipyridine and X is I-, Br-, Cl-, F-, SCN- 

and CN-, are presented. Further, the effect of functional groups on electronic structures, 
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spectroscopic properties in acidic and basic medium, and their performance as a dye in DSSC are 

presented. 

3.2 Experimental Section 

3.2.1 Materials 

All synthetic process of Re(I) metal complexes was performed under an appropriate inert 

atmosphere (Ar, N2) using standard Schlenk techniques under dark conditions. The ligand, 4,4’-

dicarboxy bipyridine (dcbpy), was prepared by literature procedure.59 fac-Re(dcbpy)(CO)3X, 

where X= I–, Br–, Cl–, SCN–, CN–, F–, were prepared by modified procedures.90–93 The ligand 

rhenium pentacarbonyl chloride, rhenium pentacarbonyl bromide, rhenium pentacarbonyl iodide, 

tetrabutylammonium cyanide, tetrabutylammonium thiocyanate, tetrabutylammonium fluoride 

and silver trifluoromethanesulfonate were purchased from Aldrich. IR grade potassium bromide 

used in infrared spectral studies was purchased from Fisher Scientific. The compound 4,4'-

dimethyl-2,2'-bipyridine was purchased from GFS chemicals. Deuterated methyl sulfoxide and 

deuterated methanol for NMR analysis were obtained from Cambridge Isotopes. Diethyl ether, 

HPLC grade methanol, chloroform, methylene chloride, hexanes and optima grade acetonitrile for 

UV/Visible spectral determinations were purchased from Fisher Scientific. A (4:1) by volume 

ethanol/methanol solution was prepared and used as a solvent for fluorescence emission and 

lifetime studies. 

3.2.2 Measurements 

Infrared spectra were obtained using a Nicolet Avatar Model FT-IR spectrophotometer. 

All samples were prepared as potassium bromide pellets. Proton 1H NMR spectra were obtained 

using Varian Mercury 300 and 400 MHz Fourier Transform-NMR spectrometers (internal standard 

TMS). Ultraviolet/visible spectra were obtained using a Shimadzu UV-2550 spectrophotometer. 
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Beer-Lambert plots were used to find the molar extension coefficients of MLCT and LCT bands. 

Corrected emission spectra and emission lifetimes were obtained using a FL3-2iHR Nanolog 

spectrometer from Horiba Jobin Yvon Technologies. Samples were degassed via the freeze-pump-

thaw method16. Absorbance at the excitation wavelength was set to ~ 0.1 for emission studies. 

Elemental (C, H, N) analysis was performed by M-H-W Laboratories.  

The sample preparation for electron excitation studies involved dissolving a small portion 

of sample, nearly 1 mg, in 4:1 ethanol/methanol or anhydrous acetonitrile and then measuring the 

absorbance of the solution. This method works by passing ultraviolet (UV) light through the 

solution. Finding the initial intensity of the light which is transmitted through the solution (I0) and 

final intensity of light (I) after absorbed by the solution can give the transmittance, T, which is 

appeared in equation 1. Equation 2 can be used to find the Absorbance.  

T = I/I0                3.1 

A = - log10T               3.2 

Beer Lambert plots were used to find the molar extension coefficients of absorption bands. A graph 

of absorbance against concentration was plotted and the molar extinction coefficient was 

calculated by taking the gradient of the corresponding straight line in the plot. The concentration 

of the solution was altered in order to achieve an approximate absorbance of 0.10 at 390 nm of the 

sample for fluorescence measurements. The sample solution was purged with N2 gas for an hour 

and recorded the emission spectra the emission spectrum recorded.  

The emission quantum yields were obtained in 4:1 (v/v) ethanol/methanol at room 

temperature conditions.94 Quantum yields were calculated using equation 1; where φx is the 

experimental emission quantum yield of the sample, Astd and Ax were absorbance of the standard 

and the sample, Istd and Ix were the emission intensities of the standard and the sample, respectively 
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while φstd is the reported emission quantum yield of the standard (φstd = 0.089 for [Ru(bpy)3]2+ in 

4:1 (v/v) ethanol/methanol).44 

φx = (Astd / Ax) (Ix / Istd) φstd           3.3 

 To study emission properties at 77 K, all samples were degassed using the freeze-pump-

thaw method a minimum of four times prior to measurements. To maintain 77 K, the sample tube 

was placed in a finger Dewar containing liquid N2. The Dewar was mounted in the focal point of 

the sample compartment of a Nanolog Fluorolog Fluorimeter which was adjusted to pass N2 gas 

over the finger of the Dewar in order to minimize condensation of moisture on the outside. The 

sample was held in place by a series of rubber bands located near the top and bottom of the sample 

tube so the sample was centered.  

 A NanoLED-457 or a NanoLED-393 pulsed diode light source was used for lifetime decay 

determinations. The excitation wavelengths used was set to 457 or 393 nm, depending of the 

absorption maximum for the NanoLED light source. Emission curve-fittings were performed using 

the Origin Pro 8 program via non-linear curve-fitting modes. 

3.2.3 Preparation Procedure 

3.2.3.1 Preparation of Re(dcbpy)(CO)3I (1).  

Re(CO)5I (0.2 g, 0.44 mmol) was dissolved in 20 mL of absolute ethanol in a 100 mL 

round-bottom flask. An equivalent molar amount of 4,4’-dicarboxy-2,2’-bipyridine (0.11 g, 0.44 

mmol) was added to the solution which was magnetically stirred and refluxed under argon 

overnight. Aluminum foil was wrapped around the flask to shield the solution from light. The 

orange precipitate formed was removed by vacuum filtration. It was washed with two portions (5 

mL) of ether. The solid was dissolved in CH3OH, filtered to remove insoluble materials, 
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concentrated to ~ 5 mL and added to hexanes to precipitate it. It was removed by filtration, dried 

and weighed.   

Color: Dark Orange, 83.0% yield. Anal. Calcd. (%) for ReC15H8O7N2I:  C, 32.75; H, 1.45; N, 5.09. 

Found. C, 32.1; H, 1.41; N, 5.11. IR (KBr pellet, cm-1): (CO) 2028 sh, 1916 sh. 1H-NMR (DMSO, 

300 MHz): δ 8.10 (dd, 2H, J = 5.7, 1.8 Hz), 9.16 (d, 2H, J = 1.2 Hz), 9.26 (d, 2H, J = 6.0, 1.2 Hz). 

3.2.3.2 Preparation of Re(dcbpy)(CO)3Br (2). 

The preparation was similar to that of Re(dcbpy)(CO)3I except that the starting material 

was rhenium(I) pentacarbonyl bromide, Re(CO)5Br (0.2 g, 0.44 mmol) and equimolar 4,4’-

dicarboxy-2,2’-bipyridine (0.11 g, 0.44 mmol).  

Color: Orange, 83.2% yield. Anal. Calcd (%) for ReC15H8O7N2Br:  C, 30.29; H, 1.34; N, 4.71. 

Found:  C, 30.04; H, 1.46; N, 4.58. IR (KBr pellet, cm-1):  (CO), 2029, 1903 sh. 1H NMR (DMSO): 

δ 8.12 (dd, 2H, J =6.0, 1.5 Hz), 9.14 (s, 2H), 9.22 (dd, 2H, J =6.0, 1.2 Hz).  

3.2.3.3 Preparation of Re(dcbpy)(CO)3Cl (3). 

The preparation was similar to that of Re(dcbpy)(CO)3I except that the starting material 

was rhenium(I) pentacarbonyl bromide, Re(CO)5Cl (0.5 g, 1.38 mmol) and equimolar 4,4’-

dicarboxy-2,2’-bipyridine (0.34 g, 1.38 mmol).  

Color: Orange, 85.0% yield. Anal. Calcd. for ReC15H8O7N2Cl:  C, 32.75; H, 1.45; N, 5.09. Found. 

C, 32.76; H, 1.24; N, 5.03. IR (KBr pellet, cm-1):  (CO) 2030 sh, 1917 sh. 1H-NMR (DMSO): δ 

8.13 (dd, 2H, J = 5.7, 1.8 Hz), 9.14 (s, 2H), 9.20 (dd, 2H, J = 6.0, 1.2 Hz). 

3.2.3.4 Preparation of Re(dcbpy)(CO)3SCN (4). 

 A portion of Re(CO)5Cl (0.1g, 0.18 mmol) was dissolved in 20 mL of absolute ethanol in 

a 100 mL round-bottom flask. An equivalent amount of AgCF3SO3 (0.047g, 0.18 mmol) was added 

to the solution which was magnetically stirred and refluxed under argon overnight. Aluminum foil 
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was wrapped around the flask to shield the solution from the light. The white precipitate (AgCl) 

that formed was removed by filtration and tetrabutylammonium thiocyanate (0.041 g, 0.18 mmol) 

was added to the filtrate, and the mixture was refluxed under argon for 8 h. The resulting solution 

was reduced in volume to 10 mL by evaporation and slowly dispersed into a stirred volume of 150 

mL of hexanes. The resulting orange color suspension was suction filtered to remove an orange-

colored precipitate. Recrystallization from CH2Cl2 achieved purification of the compound.  

Color: Dark Orange, 61.2% yield. Anal. Calcd (%) for ReC16H8O7N3S·3H2O:  C, 30.67; H, 2.25; 

N, 6.71. Found:  C, 30.6; H, 2.2; N, 6.71. IR (KBr pellet, cm-1), (CO) 2031, 1931 (CN) 2095. 1H 

NMR (DMSO): δ 8.16 (dd, 2H, J =6.0, 1.2Hz), 9.20 (2H, s), 9.24 (dd, 2H, J =5.7, 1.2 Hz).  

3.2.3.5 Preparation of Re(dcbpy)(CO)3CN (5).   

The preparation was similar to that of Re(dcbpy)(CO)3SCN except tetrabutylammonium 

cyanide instead of tetrabutylammonium thiocyanate was added. 

Color:  Yellow, 60.2% Anal. Calcd (%) for ReC16H8O7N3·2H2O:  C, 33.33; H, 2.10; N, 7.29. 

Found:  C, 32.3; H, 1.98; N, 7.2. IR (KBr pellet cm-1): (CO) 2027 sh, 1918 sh, (CN) 2150 sh. 1H 

NMR (DMSO): δ 8.08 (dd, 2H, J = 5.6, 1.2 Hz), 9.9.08 (s, 2H), 9.15 (dd, 2H, J = 5.4, 1.2Hz). 

3.2.3.6 Preparation of Re(dcbpy)(CO)3F (6).   

The preparation was similar to that of Re(dcbpy)(CO)3SCN except tetrabutylammonium 

fluoride instead of tetrabutylammonium thiocyanate was added. 

Color: Yellow, 58 % yield. Anal. Calcd (%) for ReC15H8O7N2F·H2O:  C, 32.67; H, 1.83; N, 5.08. 

Found:  C, 32.1; H, 1.41; N, 5.11. IR (KBr pellet, cm-1), 2029 sh, 1910 sh. 1H NMR (DMSO): δ 

8.10 (dd, 2H, J = 5.4, 1.2 Hz), 9.06, (2H, s), 9.22 (dd, 2H, J =5.6, 1.4 Hz). 
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3.3 RESULTS AND DISCUSSION: 

3.3.1 Syntheses and Characterization 

 

 

Scheme 3.1 Synthetic rout for Ligand and Re(I) complexes 

 The synthetic route for the rhenium(I) complexes is shown in Scheme 3.1. synthesis Re(I) 

complexes, a modification of a reported literature method was used.90 Displacement of two 
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neighboring CO groups by dcbpy in Re(CO)5I, Re(CO)5Br and Re(CO)5Cl result in facial 

structures 1, 2, 3, and replacement of Cl- by F-, CN- and SCN- in Re(dcbpy)(CO)3Cl after the 

removal of Cl- by Ag(CF3SO3) yielded complexes 4, 5 and 6, respectively.90 The identities of the 

bidentate ligand and Re(I) complexes were characterized by 1H NMR spectroscopy and elemental 

analysis indicating all complexes were pure and could be studied for their photophysical 

properties. 

3.3.2 Vibrational Properties  

The infrared spectral data of Re(CO)3(dcbpy)X products are given in the preparation 

section. Two unique vibrations for coordinated C≡O were found in the region from 1900 to 2030 

cm-1 and for coordinated C≡N- at 2095 cm-1 and at 2150 cm-1 for CN in SCN.95,96 IR spectra of Cl, 

Br, I and SCN complexes are shown in Figure 3.1. There is a broad peak presentnear 3300 cm-

1 which is due to stretching of the the hydroxyl group of the carboxylic acid.97 The carbonyl group 

of dcbpy acid stretching is observed at 1700 cm-1.  
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Figure 3.1 IR spectra of Re(dcbpy)(CO)3X complexes, X = ─ I, ─Br, ─ Cl, ─ SCN 
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3.3.3 1H NMR Properties 

 

 
 

Scheme 3.2 Deprotonation of acid by adding TEA base 

 
Table 3.1 Table X 1H NMR chemical shifts of protons for Re(dcbpy)(CO)3X, where X = I, Br, 
Cl, SCN, complexes in neat d6-DMSO, and acid and basic d6-DMSO 

 
Compound (d-DMSO)  acidic medium)  (basic medium) 

 

Re(dcbpy)(CO)3I 
8.10 (dd, L, H5, H5‘) 

9.16 (s, L, H3, H3‘) 

9.26 (d, L, H6, H6‘) 

8.07 (dd, L, H5, H5‘) 

9.13 (s, L, H3, H3‘) 

9.22 (d, L, H6, H6‘) 

7.96 (dd, L, H5, H5‘) 

8.72 (s, L, H3, H3‘) 

9.02 (d, L, H6, H6‘) 

 

Re(dcbpy)(CO)3Br 
8.12 (dd, L, H5, H5‘) 

9.14 (s, L, H3, H3‘) 

9.22  (d, L, H6, H6‘) 

8.13 (d, L, H5, H5‘) 

9.01 (s, L, H3, H3‘) 

9.19 (d, L, H6, H6‘) 

7.92 (dd, L, H5, H5‘) 

8.74 (s, L, H3, H3‘) 

9.02 (d, L, H6, H6‘) 

 

Re(dcbpy)(CO)3Cl 
8.13 (dd, L, H5, H5‘) 

9.14 (s, L, H3, H3‘) 

9.20 (d, L, H6, H6‘) 

8.09 (d, L, H5, H5‘) 

9.16 (s, L, H3, H3‘) 

9.18 (d, L, H6, H6‘) 

7.97 (dd, L, H5, H5‘) 

8.70 (s, L, H3, H3‘) 

8.96 (d, L, H6, H6‘) 

 

Re(dcbpy)(CO)3SCN 
8.16 (dd, L, H5, H5‘) 

9.20 (s, L, H3, H3‘) 

9.24 (d, L, H6, H6‘) 

8.18 (d, L, H5, H5‘) 

9.04 (s, L, H3, H3‘) 

9.18 (d, L, H6, H6‘) 

8.01 (dd, L, H5, H5‘) 

8.72 (s, L, H3, H3‘) 

9.10 (d, L, H6, H6‘) 

L = 4,4’-dicarboxy-2,2’-bipyridine, Chemical shift,  
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1H NMR spectra in neutral and basic solution are shown in Figure 3.2, and assignments 

corresponding to Scheme 3.2 are given in Table 1 for Re(dcbpy)(CO)3X complexes. The singlet 

is attributed to H3 and doublet furthest downfield is assigned to H6 on the basis of proton 

assignments reported for Ru(bpy)3
2+.44 Proton H5, the furthest upfield, is a doublet of doublets in 

agreement with short-range splitting by H6 and longer range splitting by H3.  

The chemical shifts in neat and acidic medium are similar with perhaps a slight solvent 

effect after addition of (60 L) trifluoromethanesulfonic acid. Addition of triethylamine caused an 

upfield shift due to deprotonation of the carboxyl groups. For Re (dcbpy)(CO)3I, the H6 resonance 

shifted from 9.28 to 9.02 (0.26) ppm, H3 from 9.16 to 8.72 (0.44) ppm and H5 from 8.13 to 7.96 

(0.17) ppm. The chemical shifts for H3, H5 and H6 are relatively constant within the neutral, acidic 

and basic series for Re(dcbpy)(CO)3X, X = I–, Br–, Cl–, SCN–, CN–, F–. 

 
Figure 3.2 1H NMR spectra of Re(dcbpy)(CO)3I complexes in neat d6-DMSO and basic d6- 
DMSO 
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3.3.4 Absorption Properties 

 
 
Figure 3.3 Visible/UV spectra of Re(dcbpy)(CO)3X complexes in 4:1 (v/v) ethanol/methanol at 
room temperature. X = X = ─ I, ─ Br, ─ Cl, ─ SCN, ─ CN, ─ F 

 
  The electronic absorption spectra of Re(dcbpy)(CO)3X. X = I–, Br–, Cl–, SCN–, CN–, F–, 

complexes were determined in 4:1 (v/v) ethanol/methanol at room temperature and are shown in 

Figure 3.3. The energy maxima are listed in Table 3.2. The low energy transitions located at 390 

nm to 436 nm region are assigned as a metal-to-ligand charge transfer (MLCT) and the more 

intense, higher energy transitions located at energies >330 nm to an intraligand π to π* transition.98 

Absorption coefficients for the complexes range from 3215-4712 M-1 cm-1 for the MLCT maxima 

and from 5010-6245 M-1 cm-1 for π to π* region. The low energy absorption maxima follow the 

spectrochemical series I– < Br– < SCN– < Cl– < F– < CN– with the exception of F which occurs at 

the highest energy. 

The absorption spectra were also determined in acidic and basic media by adding 

triethylamine and trifluoromethanesulfonic acid to the 4:1 (v/v) ethanol/methanol solution. The 
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energy maxima listed in Table 3.2 are slightly affected by the addition of acid but undergo shifts 

to higher energy in basic solution upon deprotonation of the carboxyl groups.  

Table 3.2 Absorption spectra of Re(dcbpy)(CO)3X, X = I, Br, Cl, SCN, CN, F determined 
in 4:1 (v/v) ethanol/methanol at room temperature. TEA = Trimmethylamine; MLCT = Metal-to-
ligandcharge transfer; LC = Ligand-centered; Super scripts denote the major contributing moity 

 
  Compound  aNeat Solvent 

(λmax(nm)) (M-1cm-1) 

Added Triflic acid 

(λmax(nm)) 

Added TEA  

(λmax(nm)) 

MLCT   LC (π-π*) MLCT LC(π-π*) MLCT LC (π-π*) 

Re(dcbpy)(CO)3I  436 (4712) 314 (6245) 438 316 410 304 

Re(dcbpy)(CO)3Br  418 (4626) 313 (5818) 421 318 392 300 

Re(dcbpy)(CO)3Cl  412 (3731) 312 (5215) 415 316 390 300 

Re(dcbpy)(CO)3F  382 (3215) 306 (5510) 392 306 376 296 

Re(dcbpy)(CO)3SCN  414 (3628) 312 (5112) 418 314 390 302 

Re(dcbpy)(CO)3CN  388 (3580) 306 (5102) 396 306 376 290 

a = EtOH : MeOH (4:1); TEA = trimethylamine, MLCT = metal-to-ligand charge transfer; LC= 
ligand-centered absorption. 
 
3.3.4.1 Base Titrations. 

Deprotonation of the carboxyl groups in all complexes leads to ~10 nm blue shifts for the 

higher transition and ~26 nm for lower energy MLCT band. The primary cause of blue shift is due 

to an increase in the energy of the lower unoccupied molecular orbital (LUMO) of the carboxylate 

ligand, resulting in higher energy transitions for both LC and MLCT assignments .99 

The spectral absorption properties of complex 1 were monitored by adding TEA base to 

find out the equilibrium constant for mono protonation and di protonation of the 4,4′-dicarboxy-

2,2′-bipyridine ligand. Based on obsarbance changes with the addition of the known molar 

amounts of TEA, two separate acid-base equilibria were found related to stepwise deprotonation 
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shown in Figures 3.4 and 3.5. Isosbestic points were found at ~410 nm for the first step and at 

~415 nm for the second step as shown in Figures 3.4 and 3.5.  

Concentrations of TEA and absorption maxima are listed in Table 3.3 and Table 3.4. 

Complex 1 had an absorption maximum at 436 nm in a neat solvent which shifted to 424 nm after 

adding an equimolar amount of TEA. The first equilibrium constant Ka1 was calculated as 1.51 x 

10-3 M. After a 1.26 mole ratio of TEA/Re(I), the second equilibrium is observed by adding 

additional TEA. Ka2 was calculated as 1.02 x 10-3 M. Then after the adding an excess molar amount 

of TEA, the blue shift stopped at 410 nm. 

 

Figure 3.4 Absorption spectra of Re(dcbpy)(CO)3I complexes in 4:1 (v/v) ethanol/methanol 
addition of TEA 

 
H2A ⇄ HA− + H+ 

Ka1 = 1.5098 x 10-3 M 
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Figure 3.5 Absorption spectra of Re(dcbpy)(CO)3I complexes in 4:1 (v/v) ethanol/methanol 
addition of TEA 

 
HA− ⇄ A2− + H+ 

Ka2 = 1.0236 x 10-3 M 
 
Table 3.3 UV-Vis titration of Complex 1 with TEA base solution 

 
 Re stock sol (mL) Methanol (mL) TEA stock (mL) (λmax(nm)) 

2.5 ml total sol.  1.50 1.00 0.00 436 
2.5 ml total sol. 1.50 0.99 0.01 432 
2.5 ml total sol. 1.50 0.98 0.02 428 
2.5 ml total sol. 1.50 0.97 0.03 424 
2.5 ml total sol. 1.50 0.96 0.04 424 
2.5 ml total sol. 1.50 0.95 0.05 418 
2.5 ml total sol. 1.50 0.94 0.06 414 
2.5 ml total sol. 1.50 0.93 0.07 410 
2.5 ml total sol. 1.50 0.92 0.08 410 
2.5 ml total sol. 1.50 0.91 0.09 410 
2.5 ml total sol. 1.50 0.90 0.10 410 
2.5 ml total sol. 1.50 0.80 0.20 410 
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Table 3.4 Molar ratios of the complex 1 with TEA stock solution 

 

 Re_I (mol) 
methanol 

(n/a) 
TEA stock 

(mol) 
portion of 

TEA mol ratio 
2.5 mL  0.22816 - 0.00000 - 0 
2.5 mL  0.22816 - 0.07194 1 0.31531 
2.5 mL  0.22816 - 0.14388 2 0.63061 
2.5 mL  0.22816 - 0.21582 3 0.94592 
2.5 mL  0.22816 - 0.28776 4 1.2612 
2.5 mL  0.22816 - 0.35970 5 1.5765 
2.5 mL  0.22816 - 0.43164 6 1.8918 
2.5 mL  0.22816 - 0.50358 7 2.2071 
2.5 mL  0.22816 - 0.57552 8 2.5224 
2.5 mL  0.22816 - 0.64746 9 2.8377 
2.5 mL  0.22816 - 0.71940 10 3.1530 
2.5 mL  0.22816 - 0.79134 11 3.4683 

 
3.3.5 Emission Properties and Quantum Yields 

Emission spectra of complexes 1 to 6 are shown in Figure 3.6 and data are listed in Table 

3.5. The emission maxima of the high energy peak follow the spectrochemical series I– < Br– = 

Cl– = F– < SCN– < < CN– which were located near 638 nm. The complexes 1, 2, and 6 had a 

vibrational band maximum near 674 nm, and the remaining complexes had a vibrational band 

maximum at 668 nm. Upon cooling to 77 K, the emission maxima for all complexes moved to 

higher energy. The Figures 3.7 shows the emission spectra of all complexes at 77 K and Figure 

3.8 shows the emission maxima shift for Re(dcbpy)CO3Cl from room temperature to 77 K.100 All 

values are tabulated in Table 3.5. The emission intensities are weak compared to [Ru(bpy)3]+2. The 

emission quantum yields of complex 1, 2, and 6 were 0.016. Complex 4 has 0.018 higher quantum 

yield higher than all complexes. The excited state lifetimes for all compounds were determined at 

room temperature. Compound 4 has the longest lifetime with comparing other complexes, 102 ns. 

The lifetime order followed by the complexes is F– < SCN– < CN – < Br– < I– < Cl–.  
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Figure 3.6 Emission spectra of Re(dcbpy)( CO)3X complexes in 4:1 (v/v) ethanol/methanol at 
room temperature, X = X = ─ I, ─ Br, ─ Cl, ─ SCN, ─ CN, ─ F  

 

Table 3.5 Emission properties of Re(dcbpy)(CO)3X, X = I, Br, Cl, SCN, CN, F complexes 
determined in neutral, acidic and basic 4:1 (v/v) ethanol/methanol at room temperature 

 
Complex aNeat 

solvent 

λmax
b (nm) 

Neat solvent 

λmax (nm), 

77 K 

Added Triflic 

acid λmax 

(nm) 

Added 

TEA 

λmax (nm) 

Neat 

solvent 

τ/ns 

Neat 

solvent 

em 

Re(dcbpy)(CO)3I 638, 678 630 684 619 76 0.016 

Re(dcbpy)(CO)3Br 634, 676 612 680 594 75 0.016 

Re(dcbpy)(CO)3Cl 634, 668 608 680 592 102 0.005 

Re(dcbpy)(CO)3SCN 626, 668 606 672 585 43 0.008 

Re(dcbpy)(CO)3CN 622, 666 598 671 577 48 0.018 

Re(dcbpy)(CO)3F 634, 674 660 680 570 24 0.015 

a = EtOH : MeOH (4:1) 
b λex at MLCT maxima 
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Figure 3.7 Emission spectra of Re(dcbpy)(CO)3X complexes in 4:1 (v/v) ethanol/methanol at 77 
K temperature X = X = ─ I, ─ Br, ─ Cl, ─ SCN, ─ CN, ─ F 
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Figure 3.8 Emission spectra of Re(dcbpy)(CO)3Cl complexes in 4:1 (v/v) ethanol/methanol at 
room temperature and 77 K 
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3.4 Conclusion 

In summary, a series of rhenium(I) tricarbonyl complexes with mono and bidentate ligands 

were successfully prepared. The results showed that different functional groups on the ligand could 

significantly impact the physical properties of the complex. All developed complexes have enough 

driving force to inject the electrons from excited state sensitizers to the TiO2 semiconductor. We 

found iodo and chloro complexes both had wide absorption bands in the visible region and had 

better charge-transfer abilities. In conclusion, the corresponding complexes are better sensitizers 

than other designed complexes by changing the number and position of COOH group on ligand. 

We expect that our present work can provide potential dyes in an efficient and low-cost way in 

DSSC. 
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CHAPTER 4 
 

DESIGN, SYNTHESIS, AND PHOTOPHYSICAL PROPERTIES OF Re(I) 
1,10-PHENANTHROLINE COMPLEXES 

 
4.1 Introduction 

The full solar spectral band energy of sunlight could play a vital role as a next-generation 

alternative source of energy. For this reason, active research has been started to make reliable, low-

cost photovoltaic cells containing organometallic complexes (dyes).18,27,101 These dyes show 9% 

solar to electrical conversion efficiency once attached to TiO2 semiconductor surface in the dye-

sensitized solar cell (DSSC) such as a Grätzel Cell.20–23,85,88,89,102 As part of a broader study to 

develop different kinds of photoactive dyes within our research group, Re(I) complexes containing 

carboxylated 1,10-phenanthroline (phen) were explored. The phen derivatives are a planar 

bidentate ligand with strong coordinating capacities toward metal centers which are generally 

considered as an electron pair acceptors.  

Since the spearheading works of Wrighton and Morse in 1974 Re(I) edifices of the general 

equation [Re(L-L)(CO)3Cl] (L-L = 1,10-phenanthroline or its derivatives) have been examined 

and they indicate conceivable applications in territories going from electronic and energy exchange 

to biological probes and labels.103 In addition, due to their wide application in the areas of 

colorimetric indicators for transition-metal ions and chemo-sensors, this research field has become 

very appealing. In this regard, the luminescent d6 transition metal complexes have been 

investigated due to their adaptable photophysical and photochemical properties. Mostly they 

exhibited emission with relatively large Stokes shifts, extended lifetimes and higher quantum 

yields.104 The representative system is [Re(NN)(CO)3(L)]+1/0, where (NN) represents a bidentate 

derivative and L is a pyridine derivative or halogen atom.104–106 Inspite of the great amount of work 
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devoted to the development of Ru(II) based dyes for solar energy conversation, only very few 

rhenium(I) based dyes have been studied.  

In our work, the Re(I) metal center is attached to ligands such as 5-carboxylic-1,10-

phenanthroline and its derivatives and also to isonicotinic acid-based ligands for attachment to 

TiO2 as dyes in DSSC.  

4.2 Experimental Section  

4.2.1 Materials 

All synthetic process of Re(I) metal complexes was performed under an appropriate inert 

atmosphere (Ar, N2) using standard Schlenk techniques under dark conditions. The ligands 1,10-

phenanthroline-5,6-epoxide62 (5,6-epoxy-phen), 5-cyano-1,10-phenanthroline61 (5-CN-phen), 5-

carboxy-1,10-phenanthroline62 (5-COOH-phen), 4,5-diazafluorene-9-one(dafo),107 2-(5H-

cyclopenta[2,1-b:3,4-b']dipyridin-5-ylidene)malononitrile(9-Mdafo),65 methyl isonicotinate (4-

COOCH3-py),67 were prepared using previously reported procedures with slight changes for 

improving % yields. Re(L-L)(CO)3Cl complexes,90,92,108 where L-L = derivatives of 1,10-

phenanthroline or dafo, and Re(L-L)(CO)3L complexes90,91, where L = pyridine derivatives were 

prepared by previously reported methods.. Rhenium(I) pentacarbonyl chloride, silver 

trifluoromethanesulfonate and IR grade potassium bromide were purchased from Aldrich. Diethyl 

ether, HPLC grade methanol, and optima grade acetonitrile were purchased from Fisher Scientific. 

Absolute ethanol was obtained from AAPER. The solvents, methanol, hexanes, and acetonitrile 

were obtained from Fisher. The compound 1,10-phenanthroline (phen) was obtained from GFS. 

The compound 4-carbinolpyridine was obtained from Aldrich. Deuterated solvents, CDCl3, 

CD3OD, (CD3)2S=O, were obtained from Cambridge Isotopes. Clorox was purchased locally. TiO2 

and EL-HPE High-Performance Electrolyte were obtained from Aldrich, Dried  
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diethyl ether, HPLC grade methanol, chloroform, methylene chloride, hexanes and optima grade 

acetonitrile for UV/Visible spectral determinations were purchased from Fisher Scientific. An 

acetonitrile solution was used as a solvent for fluorescence emission and lifetime studies. 

Electrochemical grade tetrabutylammonium hexafluorophosphate was obtained from 

Southwestern Analytical. Ferrocene standard used in electrochemical studies was purchased from 

Aldrich.  

4.2.2 Measurements 

Infrared spectra were obtained using the Nicolet Avatar Model FT-IR spectrophotometer. 

All samples were prepared as potassium bromide pellets. Proton 1H NMR spectra were obtained 

using Varian Mercury 300 MHz and Varian Inova 400 MHz Fourier Transform-NMR 

spectrometers (internal standard TMS). Ultraviolet/visible spectra were obtained using a Jasco V-

670 spectrophotometer and emission spectra and emission lifetimes were determined with a SPEX 

Nanolog instrument. Samples were degassed via freeze-pump-thaw method. Absorbance at the 

excitation wavelength was set to ~ 0.1. Elemental (C, H, N) analysis was performed by M-H-W 

Laboratories. Cyclic voltammograms were recorded with an EG&G Model 263A 

potentiostat/galvanostat. All CV measurements were carried out in a typical H-electrochemical 

cell using a platinum button or glassy carbon working electrode. A platinum wire served as the 

counter electrode and Ag/AgNO3 electrode freshly made from AgNO3 in dry CH3CN was used as 

the reference. In all studies, the ferrocene/ferrocenium redox couple was used as an internal 

reference. The supporting electrolyte was 0.1 M tetrabutylammonium perchlorate. All the 

solutions were purged prior to electrochemical and spectral measurements using nitrogen or argon 

gas. 
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The sample preparation for electron excitation studies involved dissolving a small portion 

of sample, nearly 1 mg, in 4:1 ethanol/methanol or anhydrous acetonitrile and then measuring the 

absorbance of the solution. This method works by passing ultraviolet (UV) light through the 

solution. Finding the initial intensity of the light which is transmitted through the solution (I0) and 

final intensity of light (I) after absorbed by the solution can give the transmittance, T, which is 

appeared in equation 1. Equation 2 can be used to find the Absorbance.  

T = I/I0                 4.1 

A = - log10T               4.2 

Beer Lambert plots were used to find the molar extension coefficients of absorption bands. A graph 

of absorbance against concentration was plotted and the molar extinction coefficient was 

calculated by taking the gradient of the corresponding straight line in the plot. The concentration 

of the solution was altered in order to achieve an approximate absorbance of 0.10 at 390 nm of the 

sample for fluorescence measurements. The sample solution was purged with N2 gas for an hour 

and recorded the emission spectra the emission spectrum recorded.  

 To study emission properties at 77 K, all samples were degassed in 5 mm tubes attached 

to a manifold using the freeze-pump-thaw method a minimum of four times prior to measurements. 

The tube was placed in a cold finger Dewar containing liquid N2 mounted in the sample 

compartment of a Nanolog Fluorolog Fluorimeter which was adjusted to pass dry N2 gas over the 

finger of the Dewar in order to minimize condensation of moisture on the outside. The sample was 

held in place by a series of rubber bands located near the top and bottom of the sample tube. This 

safeguarded that the tube was centered in all directions. In all cases, significant results were 

obtained with the sample centered in the excitation beam and with a frost-free finger. 
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 A NanoLED-460 pulsed diode light source was used in all lifetime decay determinations. 

In this case the excitation wavelength used was set to 457 nm – the absorption maximum for the 

NanoLED-460 light source. Emission curve-fittings were performed using the Origin Pro 8 

program via non-linear curve-fitting modes. 

4.2.2.1 Crystallography 

  The crystal was affixed to a nylon cryo-loop using oil (Paratone-n, Exxon) and mounted 

in the cold stream of a Bruker Kappa-Apex II area-detector diffractometer.66 The temperature at 

the crystals was maintained at 100-150 K using a Cryostream 700EX Cooler (Oxford 

Cryosystems). A scan with 0.3 degrees and time of 10 seconds was employed along with graphite 

monochromated molybdenum Kα radiation (λ = 0.71073 Å) that was collimated to a 0.6 mm 

diameter. Data collection, reduction, structure solution, and refinement were performed using the 

Bruker Apex2 suite (v2.0-2). 

 The structure was solved (direct methods) and refined (full-matrix least squares against 

F2) with the SHELXTL package (v6.14-1).69All non-hydrogen atoms were refined using 

anisotropic thermal parameters. All hydrogen atoms were included at idealized positions; 

hydrogen atoms were not refined. 

4.2.3.1 Preparation of Re(phen)(CO)3Cl (1). 

 To a clean 100 mL round-bottom flask, Re(CO)5Cl (0.2, 0.53 mmol) and 1,10-

phenanthroline (0.095 g, 0.53 mmol) were added along with 20 mL ethanol and a magnetic stir 

bar. The solution was allowed to reflux for 8 hours during which the solution turned from 

colorless to a yellow color. At the end of the 8 hours, a yellow precipitate was present. The 

solution was allowed to reach room temperature. Then the precipitate was vacuum filtered using 

a fine frit glass funnel. 0.23 of the product was stored for characterization. 
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Color: Yellow, 84.0%. Anal. Calcd. for ReC16H8O3N2Cl: C, 37.08; H, 1.66; N, 5.77. Found. C, 

36.98; H, 1.72; N, 5.66. IR (KBr pellet, cm-1): (CO) 2022 sh, 1897 sh, 1H-NMR (CDCl3):  ppm 

8.12 (dd, 2H, J = 8.4, 5.2 Hz), 8.34 (s, 2H,), 8.98 (dd, 1H, J = 8.4, 1.2 Hz), 9.44 (dd, 1H, J = 5.2, 

1.2 Hz). 

4.2.3.2 Preparation of Re(5,6-epoxy-phen)(CO)3Cl (2). 

 To a clean 100 mL round-bottom flask, Re(CO)5Cl (0.2 g, 0.57 mmol) and (5,6-epoxy)-

phen (0.11 g, 0.57 mmol) were added along with 20 mL ethanol and a magnetic stir bar. The 

solution was allowed to reflux for the overnight during which the solution turned yellow-orange. 

At the end of the reaction, an orange precipitate was present. The precipitate was vacuum filtered 

using a fine frit glass funnel. The product was stored for characterization. 

Color: Yellow, 86.0%. Anal. Calcd. for ReC15H8O4N2Cl: C, 35.90; H, 1.61; N, 5.58. Found. C, 

36.17; H, 1.84; N, 5.40. IR (KBr pellet, cm-1):  (CO) 2024 sh, 1898 sh. 1H-NMR (CDCl3):  ppm 

8.26 (dd, 2H, J = 8.4, 5.2 Hz), 8.44 (s, 2H,), 8.98 (dd, 1H, J= 8.4, 1.2 Hz), 9.56 (dd, 1H, J = 5.2, 

1.2 Hz). 

4.2.3.3 Preparation of Re(5-CN-phen)(CO)3Cl (3). 

To a clean 100 mL round-bottom flask, Re(CO)5Cl (0.2 g, 0.57 mmol) and 5-CN-phen 

(0.12 g, 0.57 mmol) were added along with 20 mL ethanol and a magnetic stir bar. The solution 

was allowed to reflux for 8 hours during which the solution turned yellow-orange. At the end of 

the 8 hours, a yellow precipitate was present. The precipitate was vacuum filtered using a fine 

frit glass funnel. The product was stored for characterization. 

Color: Yellow, 82.0%. Anal. Calcd. for ReC16H7N2O3Cl: C, 37.61: H, 1.38; N, 8.22. Found. C, 

37.81; H, 1.60; N, 8.39. IR (KBr pellet, cm-1):  (CO) 2115 (CN), 2022 sh, 1910 sh. 1H-NMR 
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(DMSO):  ppm 8.2 (dd, 1H, J = 8.4, 5.2 Hz), 9.17 (dd, 1H, J = 8.8, 5.6 Hz), 8.98 (dd, 1H, J = 8.8, 

1.2 Hz), 9.03 (dd, 1H, J = 8.4, 1.2 Hz), 9.13 (s, 1H), 8.86(d, 2H, J = 4.8 Hz). 

4.2.3.4 Preparation of Re(5-COOH-phen)(CO)3Cl (4). 

To a clean 100 mL round-bottom flask, Re(CO)5Cl (0.26 g, 0.72 mmol) and 5-COOH-

phen (0.16 g, 0.72 mmol) were added along with 25 mL ethanol and a magnetic stir bar. The 

solution was allowed to reflux for the overnight during which the solution turned yellow-orange. 

At the end of the reaction, a dark orange precipitate was present. The precipitate was vacuum 

filtered using a fine frit glass funnel. The product was stored for characterization. 

Color: Yellow, 84.0%. Anal. Calcd. for ReC16H8O5N2Cl: C, 36.27; H, 1.52; N, 5.29. Found. C, 

34.65; H, 1.50; N, 5.02. IR (KBr pellet, cm-1):  (CO) 3300 (broad), 2014 sh, 1907 sh, 1H-NMR 

(DMSO):  ppm 8.14 (dd, 1H, J = 5.2, 2.4 Hz), 8.18 (dd, 1H, J = 5.2, 2.4 Hz), 9.04 (s, 1H), 9.02 

(dd, 1H, J = 8.4, 1.6 Hz), 9.50 (m, 2H), 9.70 (dd, 1H, J = 8.8, 1.2 Hz). 

4.2.3.5 Preparation of Re(5-NH2CO-phen)(CO)3Cl (5). 

 To a clean 100 mL round-bottom flask, Re(CO)5Cl (0.24 g, 0.67 mmol) and 0.09 g 5-

NH2CO-phen (0.15 g, 0.67 mmol) were added along with 25 mL ethanol and a magnetic stir bar. 

The solution was allowed to reflux for 6 hours during which the solution turned yellow-orange. 

At the end of the 8 hours, a yellow precipitate was present. The precipitate was vacuum filtered 

using a fine frit-glass funnel. The product, 0.28 g, was stored for characterization. 

Color: Yellow, 80.0%. Anal. Calcd. for ReC16H9N3O4Cl: C, 36.33; H, 1.72; N, 7.94. Found. C, 

36.30; H, 1.86; N, 7.80. IR (KBr pellet, cm-1):  (CO) 2026 sh, 1907 sh, 1697. 1H-NMR (DMSO): 

 ppm 8.17(dd, 1H, J = 11.8, 6.4 Hz), 8.53 (s, 1H), 9.02 (dd, 1H, J = 8.4, 1.2 Hz), 9.17 (dd, 1H, J 

= 8.4, 1.2 Hz), 9.48 (dd, 2H, J = 5.2, 1.6 Hz). 
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4.2.3.6 Preparation of [Re(5-NH2CO-phen)(CO)3(py)](CF3SO3) (6). 

 Re(5-NH2CO-phen)(CO)3Cl (0.2 g, 0.37 mmol) as added to a clean 100 mL round-bottom 

flask with AgCF3SO3 (0.09 g, 0.37 mmol) and 20 mL of ethanol and was refluxed for 4 hours. The 

gray AgCl precipitate was filtered off and pyridine (0.06 g, 0.37 mmol) was added to the yellow 

filtered solution and was refluxed overnight. The round-bottom flask was placed on the rotary 

evaporator and the solution was condensed to 2 mL and then placed in the freezer overnight. The 

product was vacuum filtered and stored for characterization. 

Color: Light yellow, 66.0%. Anal. Calcd. for ReC23H14N4O7F3S: C, 37.74; H, 2.02; N, 8.08. 

Found. C, 34.28; H, 2.31; N, 7.7. IR (KBr pellet, cm-1):  (CO) 2020 sh, 1918 sh. 1H-NMR (DMSO): 

(phen)  ppm 7.3 (dt, 2H, J = 6.2, 4.2), 7.84 (tt, 1H, J= 7.0, 1.2 Hz), 8.24 (dd, 2H, J = 8.0, 5.2 Hz), 

9.77 (dd, 2H, J = 0.8, 3.6 Hz); py, 8.38 (dd, 2H, J =1.2, 5.2 Hz), 8.5 (s, 2H), 9.21 (dd, 1H, J = 1.6, 

8.6 Hz),  

4.2.3.7 Preparation of Re(dafo)(CO)3Cl (7). 

To a clean 100 mL round-bottom flask, Re(CO)5Cl (0.22 g, 0.61 mmol) and dafo (0.11 g, 

0.61 mmol) were added along with 25 mL ethanol and a magnetic stir bar. The solution was 

allowed to reflux for 6 h under N2. At the end of the 6 hours, a light orange precipitate was present. 

The solution was allowed to reach room temperature then the precipitate was vacuum filtered using 

a fine frit glass funnel. 0.24 of the product was stored for characterization. Color: Yellow, 84.0%. 

Anal. Calcd. for ReC14H6N2O4Cl: C, 34.47; H, 1.24; N, 5.74. Found. C, 34.56; H, 1.01; N, 6.00. 

IR (KBr pellet, cm-1):  (CO) 3300 (broad), 2014 sh, 1907 sh, 1H-NMR (DMSO, 300 MHz):  ppm 

7.77 (dd, 2H, J = 7.8, 2.4 Hz), 8.42 (dd, 2H, J = 7.5, 1.8 Hz), 8.98 (dd, 2H, J = 5.4, 1.2 Hz. 
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4.2.3.8 Preparation of [Re(dafo)(CO)3(4-COOCH3-py)](PF6) (8). 

 To a clean 100 mL round- bottom flask equipped with a stir bar, 0.20 g Re(dafo)(CO)3Cl 

and 0.13 g AgCF3SO3 were added along with 20 mL ethanol. This solution was allowed to reflux 

for 12 hours under nitrogen gas. After refluxing for roughly 2 hours, a gray AgCl precipitate was 

present. At the end of the reflux, the round bottom flask was removed from the condenser, and the 

solution was vacuum filtered to remove the silver chloride. The yellow filtered solution was 

transferred to a clean 100 mL round bottom flask with a stir bar and 100 µL (1.6 equivalents) of 

isonicotinic acid methyl ester. This solution was allowed to reflux overnight under nitrogen gas. 

The solution remained yellow during reflux. To the reflux solution, a solution of NH4PF6 in water 

was added, and the mixture was stirred at room temperature for 5-10 minutes. At the end of the 5-

10 minutes, the flask was placed on a rotary evaporator, and the solution was condensed to 2 mL 

and placed in the freezer overnight. The product was vacuum filtered and stored for 

characterization. 

Color: Light yellow, 78.0%. Anal. Calcd. for ReC21H13N3O6PF6: C, 34.33; H, 1.77; N, 5.72. 

Found. C, 34.44; H, 1.89; N, 6.00. IR (KBr pellet, cm-1): CO peak of (CO) 2018 sh, 1932sh, 1732. 

1H-NMR (DMSO, 400 MHz): (phen)  ppm 7.93 (dd, 2H, J = 5.2, 1.2 Hz), 8.58 (d, 2H, J = 6.0 

Hz), 9.20 (dd, 2H, J = 6.0, 2.0 Hz); py, 3.73 (s, 3H), 7.49 (d, 2H, 6.4 Hz), 8.0 (d, 2H, J = 6.8 Hz).  

4.2.3.9 Preparation of [Re(dafo)(CO)3(4-COOH-py)](PF6) (9). 

  To a clean 100 mL round-bottom flask equipped with a stir bar, [Re(dafo)(CO)3(4-

COOCH3-py)]PF6 (0.1 g, 0.42 mmol) was added along with a mixture of 0.2 g NaOH in 5 mL 

methanol. The solution was stirred vigorously at room temperature for 6 hours. The 

[Re(dafo)(CO)3(4-COOH-py)]PF6 precipitate was formed after six hours and was then vacuum 

filtered and stored for characterization. 
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Color: light olive, 68.0%.Anal. Calcd. for ReC20H11O6N3F6P: C, 33.33; H, 1.52; N, 5.83. Found. 

C, 33.40; H, 1.31; N, 6.00. IR (KBr pellet, cm-1):  (CO) 2020 sh, 1910 sh, CO of acid, 1733. 1H-

NMR (DMSO, 400 MHz): (phen)  ppm 7.96 (dd, 2H, J = 5.6, 1.2 Hz), 8.63 (dd, 2H, J = 8.0, 1.2 

Hz), 9.20 (dd, 2H, J = 6.0, 2.0 Hz); py, 7.42 (d, 2H, J = 6.4 Hz), 8.12 (d, 2H, J = 6.4 Hz).  

4.2.3.10 Preparation of Re(9-Mdafo)(CO)3Cl (10). 

To a clean 100 mL round-bottom flask, Re(CO)5Cl (0.2 g, 0.55 mmol) and 9-Mdafo (0.126 

g, 0.53 mmol) were added along with 25 mL ethanol and a magnetic stir bar. The solution was 

allowed to reflux for 8 h under N2; foil is placed around the reaction vessel to avoid side reactions 

with light. At the end of the 8 hours, a light orange precipitate was present. The solution was 

allowed to reach room temperature then the precipitate was vacuum filtered using a fine frit glass 

funnel. 0.18 of the product was stored for characterization. Color: Yellow, 68.0%.Anal. Calcd. for 

ReC17H6N4O3Cl: C, 38.13; H, 1.12; N, 10.46. Found. C, 38.40; H, 1.36; N, 10.28. IR (KBr pellet, 

cm-1):  (CO) 3300 (broad), 2014 sh, 1907 sh, 1H-NMR (DMSO, 400 MHz):  ppm 7.60 (dd, 2H, J 

= 5.2, 2.4 Hz), 8.60 (dd, 2H, J = 5.2, 2.4 Hz), 8.80 (dd, 2H, J = 8.4, 1.6 Hz). 

 

 
 
 
 
 
 
 
 
 
4.3 Results and Discussion 

4.3.1 Chemical structures of the ligands and complexes   

The chemical structures of the complexes containing various derivatized ligands based on 
1,10-phenanthroline are shown in Figure 4.1.   
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Figure 4.1 Chemical structures of ligands and complexes: 1) Re(phen)(CO)3Cl; 2) Re(5,6-
epoxy-phen)(CO)3Cl; 3) Re(5-CN-phen)(CO)3Cl; 4) Re(5-COOH-phen)(CO)3Cl;  5) Re(5-
H2NCO-phen)(CO)3Cl 6) [Re(5-H2NCO-phen)(CO)3(py)]+PF6

- 7) Re(dafo)(CO)3Cl 8) 
[Re(dafo)(CO)3(4-COOCH3-py)]+OTf- 9) [Re(dafo)(CO)3(4-COOH-py)]+PF6

- 
10) [Re(9-Mdafo)(CO)3Cl 

 



 

79 
 

4.3.2 Synthesis of Rhenium complexes 

 
Scheme 4.1 illustrates the syntheses of Re(I) complexes 1-10. Rhenium(I) complexes 1-5 

were synthesized by treating stoichiometric amounts of Re(CO)5Cl with derivatives of 1,10-

phenanthroline ligand in ethanol at reflux conditions. Re(I) complexes 1-5 were formed by 

replacing the two carbon monoxide ligands with bidentate derivatives of 1,10-phenanthroline 

ligands (I, II, III, IV, and V). Re(I) complex 5 was treated with silver trifluoromethylsulfonate 

(AgOTf) to remove the chloride ligand and pyridine was added to generate the complex 6. 

Similarly, Re(I) complex 7 was prepared using Re(CO)5Cl and ligand VII. Further, treatment of 7 

with AgOTf followed by addition of ligand IX yielded 8. Finally, exchange of the counter ion OTf 

with PF6 and hydrolysis of ester generated Re(I) complex 9. Metal complex 10 was generated 

using Re(CO)5Cl and ligand VIII. The identities of the bidentate ligands and Re(I) complexes 

were confirmed by 1H NMR spectroscopy and elemental analysis indicating the ligands and 

complexes were pure and could be studied for their photophysical properties. The series of Re(I) 

complexes were also characterized by infrared spectroscopy which shows two stretches present in 

the carbonyl region (1900 to 2100 cm-1). 
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Scheme 4.1 Synthesis of Re(I) complexes with phen derivatives 
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4.3.3 X-Ray Crystal Data 

Crystal data for rhenium complexes 1, 2, 5, and 6 are listed in Table 4.1. Their ORTEP 

diagrams are shown in Figure 4.2. The vapor diffusion technique was used to obtain single 

crystals for all the provided compounds. It was dissolved in dichloromethane and placed in a 

center vial, while the outer vial contained methanol. 

Table 4.1 Summary of crystal data, intensity, collection, and structure refinement for complexes. 
Re(phen)(CO)3Cl (1), Re(5,6-epoxy-phen)(CO)3Cl (2), Re(5-NH2CO-phen)(CO)3Cl (5), [Re(5-
NH2CO-phen)(CO)3py]PF6 (6) 

 Re(phen)(CO)3Cl Re(5,6-epoxy-
phen)(CO)3Cl 

Re(5-H2NCO-
phen)(CO)3Cl 

[Re(5-H2NCO-
phen)(CO)3 py]PF6 

Empirical formula C15H8ClN2O3Re C15H8ClN2O4Re C16H9ClN3O4Re C21H14F6N4O4PRe 
Formula weight 485.88 501.88 528.91 717.53 
Temperature 90(2) K 100(2) K 90(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group C 2/m P21/n P21/c P21/c 
Unit cell 
dimensions 

a = 15.6723(19) Å a = 8.1864(2) Å a = 12.7810(9) Å a = 14.3279(15) Å 

 b = 11.7722(13) Å b = 12.6994(3) Å b = 10.8305(6) Å b = 11.5178(13) Å 
 c = 7.9340(9) Å c = 13.8504(4) Å c = 12.6422(9) Å c = 14.3729(14) Å 
 = 90° = 90° = 90° = 90° 
 = 106.451(4)° = 92.1340(10)° = 110.361(2)° = 106.270(3)° 
  = 90°  = 90°  = 90°  = 90° 
Volume 1403.9(3) Å3 1438.92(6) Å3 1640.65(19) Å3 2276.9(4) Å3 
Z 4 4 4 4 
Calculated density 2.299 Mg/m3 2.317 Mg/m3 2.141 Mg/m3 2.093 Mg/m3 
Absorption 
coefficient 

8.859 mm-1 8.652 mm-1 7.596 mm-1 5.495 mm-1 

F(000) 912 944 1000 1376 
Crystal size 0.150 x 0.130 x 

0.080 mm3 
0.270 x 0.240 x 
0.180 mm3 

0.150 x 0.110 x 
0.030 mm3 

0.150 x 0.050 x 0.030 
mm3 

Crystal habit Plate Block Plate Block 
Crystal color Yellow Yellow Yellow Yellow 
θ range for data 
collection 

3.226 to 26.408° 2.939 to 26.390° 3.262 to 26.414° 2.303 to 26.452° 

 -16<=h<=19 -10<=h<=10 -15<=h<=15 -17<=h<=17 
Limiting indices -14<=k<=14 -15<=k<=15 -12<=k<=13 -14<=k<=14 
 -9<=k<=9 -17<=l<=17 -15<=l<=15 -14<=k<=14 
Reflections 
collected 

7880 16862 21606 29155 

Independent 
Reflections 

1477 [R(int) = 
0.0268] 

2947 [R(int) = 
0.0332] 

3364 [R(int) = 
0.0416] 

4631 [R(int) = 0.0504] 

Completeness to θ 
= 25.00 

97.9% 99.9% 99.8% 99.7% 

Absorption 
Correction 

Semi-empirical 
from equivalents 

Semi-empirical 
from equivalents 

Semi-empirical 
from equivalents 

Semi-empirical from 
equivalents 
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Table 4.1 (continued) 

 Re(phen)(CO)3
Cl 

Re(5,6-epoxy-
phen)(CO)3Cl 

Re(5-H2NCO-
phen)(CO)3Cl 

[Re(5-H2NCO-
phen)(CO)3 py]PF6 

Max. and min. 
transmission 

0.7454 and 0.5096 0.7454 and 
0.4272 

0.2602 and 0.1342 0.7454 and 0.4986 

Refinement 
method 

Full Matrix least-
squares on F2 

Full Matrix least-
squares on F2 

Full Matrix least-
squares on F2 

Full Matrix least-
squares on F2 

Data / restraints / 
parameters 

1477 / 0 / 108 2947 / 0 / 212 3364 / 2 / 238 4631 / 0 / 406 

GOF 1.117 1.039 1.028 1.027 
Final R indices 
[I>2σ(I)] 

R1=0.0139 
wR2=0.0299 

R1=0.0176 
wR2=0.0391 

R1=0.0231 
wR2=0.0646 

R1=0.0229 
wR2=0.0438 

R indices (all data) R1=0.0156 
wR2=0.0304 

R1=0.0212 
wR2=0.0404 

R1=0.0259 
wR2=0.0659 

R1=0.0356 
wR2=0.0475 

Largest diff. peak 
and hole 

0.902 and -0.532 
e.Å-3 

1.253 and -0.669 
e.Å-3 

0.712 and -1.275 
e.Å-3 

0.732 and -0.776 e.Å-3 

 
Table 4.2 Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) of complex 1, 2, 
5 and 6 Measured Using XRD Crystallography  

 

 
 
 
 
 
 
 
 
 

Compound Re-N1 Re-N2 Re-C1 Re-Cl Re-py N-Re-N N1-Re-N(py)/Cl 

[Re(phen)(CO)3Cl)] 2.177(2) 2.177(2) 1.891(4) 2.4672(13) - 75.91(11) 90.0(3) 

Re(5,6-epoxy)-
phen(CO)3Cl 

2.180(3) 2.163(3) 1.908(4) 2.4746(8) - 75.19(9) 89.3(7) 

Re(5-H2NCO-
phen(CO)3Cl 

2.185(3) 2.168(4) 1.902(5) 2.4905(10) - 75.27(12) 84.12(9) 

[Re(5-H2NCO)-
phen(CO)3 py]PF6 

2.1173(3) 2.182(3) 1.922(4)  2.209(3) 75.65(10) 83.39(10) 
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1              2 

 

5             6 

Figure 4.2 ORTEP diagram at 50% probability of complexes. Re(phen)(CO)3Cl (1); Re(5,6-epoxy-
phen)(CO)3Cl (2); Re(5-NH2CO-phen)(CO)3Cl (5); [Re(5-NH2CO-phen)(CO)3py]PF6 (6). Color code: C-
black, N-blue, O-red, Cl-green, H-white 

Selected bond lengths and angles around the metal center for complexes 1, 2, 5 and 6 are 

listed in Table 4.2. The four crystal structures show the 1,10-phenanthroline ligand in N,N-

bidentate coordination forming a five-membered chelate ring when bonded to Re(I). The carbonyl 

ligands are oriented in a facial arrangement around the octahedral metal center (Fig. 4.2). 

The angles of atoms lying trans to one another are in the range of 172.1(2)° – 178.2(2)° showing 

a small deviation from an ideal 180o expected. The N-Re-N bite angle of 75.91 (11)o for complex 

1, 75.19 (9)o for complex 2, 75.27 (12) for complex 5, and 75.65 (10)o are reduced significantly 

from the expected ideal 90o for an octahedron but are in agreement with those found in other 
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systems with these heterocyclic ligands.109 The N1-Re-Cl angle of 90.0(3)o for complex 1 and 

complex 2 are very close to the ideal 90o for an octahedron. But the N1-Re-Cl angle of complex 5 

is reduced from the ideal 90o value to 84.12(9)o. The same trend is observed in the N1-Re-

N(pyridine) angle of complex 6 (83.39(10) o).  

The 1,10-phenanthroline ligand is almost planar with small deviations from the mean plane 

in all complexes. The Re-Cl and Re-C1 distances are similar to those reported for other related 

complexes. The Re-C1 bond distance of 1.92 Å in complex 6 reflects partial multiple bond 

character, as a consequence of the pi acceptor ability of CO.110,111 This is also found in complexes 

1, 2 and 5 with Re-C1 bond distances of 1.89 Å, 1.90 Å, and 1.90 Å, respectively. The Re-N1 and 

Re-N2 distances are 2.177 Å for complex 1 but differ for the other complexes. The Re-N1 and Re-

N2 are 2.18 Å and 2.16 Å for complex 2, 2.18 Å and 2.16 Å for complex 5, 2.11 Å and 2.18 Å for 

complex 6, respectively.  

4.3.4 Electronic/Emission Spectra 

4.3.5.1 Absorption  

The electronic properties of the rhenium(I) tricarbonyl complexes containing 1,10-

phenanthroline and the isonicotinate ligand were recorded using acetonitrile as a solvent at room 

temperature. The values were tabulated in Table 4.3. The absorption coefficients were obtained 

from Beer's Law studies from at least five points. The transitions with high molar extinction 

coefficients in the 266 nm to 276 nm range were attributed to the intraligand →transitions of 

the 1,10-phenanthroline ligand. The band in the lower energy region (368 nm to 372 nm) showed 

the typical metal-to-ligand charge transfer (MLCT) due to the d → transitions consistent with 

transitions from Re(I) to the coordinated phenanthroline ligand systems.98 Visible/UV spectra are 
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shown in Figure 4.3 and Figure 4.4. Absorption coefficients for the complexes ranged from 3092–

5189 M-1cm-1 for the MLCT region and from 12921–24211 M-1cm-1 for the region.  

Table 4.3 UV/Visible spectra of Re(I) series complexes 1-10. MLCT = metal-to-ligand charge 
transfer; LC= ligand-centered; Superscripts denote the major contributing moiety 

 No Compounds 

a(λmax(nm)) (M-1cm-1) 
bMLCT (ε) cMLCT 

(ε) 

bLC (π-π*) cLC (π-π*) 

1 Re(phen) (CO)3Cl 368 (4730) NA 266 (24211) NA 

2 Re(5,6-epoxy-phen)(CO)3Cl 384 (3772) NA 300 (12921) NA 

3 Re(5-CN-phen)(CO)3Cl 382 (5189) NA 268 (25312) NA 

4 Re(5-COOH-phen)(CO)3Cl 376 (5012) NA 268 (24316) NA 

5 Re(5-NH2CO-phen)(CO)3Cl 372 (4469) NA 268 (23644) NA 

6 [Re(5-NH2CO-phen)(CO)3(py)]+ 368 (4082) 326(5858) 276 (17977) 258 (17492) 

7 Re(dafo)(CO)3Cl 370 (4204) NA 276 (19977) NA 

8 [Re(dafo)(CO)3(4-CO2CH3-py)]+ NA 326(6024) 276 (13977) 258 (18490) 

9 [Re(dafo)(CO)3(4-COOH-py)]+ 366 (3092) 315(5986) 277 (17977) 256 (17492) 

10 Re(9-Mdafo)(CO)3Cl 378 (4705) NA 276 (17977) 258 (18124) 

  a in acetonitrile  
   b transition between  Re-1,10-phenanthroline 
   c transition between  Re-pyridine 
 

For complexes 1-5, the MLCT absorption maximum varied depending on the substituent 

in the 5th position on the 1,10-phenanthroline ligand. As the electron withdrawing character of the 

functional group decreased, the absorption maximum also decreased. Because of this complex 2, 

where oxygen is attached to both the 5 and 6 positions absorbed at lower energy than the other 

complexes. The MLCT energy maxima in cm-1 of the complexes 1-5 fell in the order from higher 

to lower 1 > 5 > 4 > 3 > 2. The energy of the transition remained fairly constant for all 
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complexes at 268 nm except for 2 which was located at 300 nm. Replacement of Cl by py in 

complex 6 resulted in a shift in the MLCT maximum from 372 nm in 5 to 368 nm.  

 

Figure 4.3 Comparison of absorption spectra of Re(I)-phen derivatives complexes 1-5 in 
acetonitrile: ─ Re(phen)(CO)3Cl; ─ Re(5,6-epoxy-phen)(CO)3Cl (2);  ─ Re(5-CN-phen)- 
(CO)3Cl(3);  ─ Re(5-COOH-phen)(CO)3Cl (4); ─ Re(5-NH2CO-phen)(CO)3Cl 
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Figure 4.4 Comparison of absorption spectra of Re(I)-phen and Re(I) dafo derivatives, 
complexes 5-10 in acetonitrile: ─ Re(5NH2-phen(CO)3(py)]+; ─ Re(dafo)(CO)3Cl;                      
─ Re(dafo)(CO)3(CH3COO-py)]+; ─ [Re(dafo)(CO)3(COOH-py)]+;  ─ Re(9-Mdafo)(CO)3Cl 

250 300 350 400 450 500
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

 

 

A
b
s
o
rb

a
n
c
e

Wavelength / nm

340 360 380 400 420 440



 

87 
 

 

The rhenium(I) dafo derivatives 7-10 showed an MLCT blue absorption shift of 

approximately 10 nm compared to the Re(I)-phen derivatives due to decreasing conjugation in 

dafo ligand compared to the phenanthroline ligand. Complex 10 showed lowest energy MLCT 

maximum among 7-10 due to having extended conjugation.  

4.3.5.2 Emission properties  

The emission quantum yields were obtained in acetonitrile at room temperature conditions. 

The standard reference used for this experiment was ruthenium(II) tris-bipyridine 

hexafluorophosphate,44 Ru(bpy)3(PF6)2. All data were calculated using equation 4.3; where φx is 

the experimental emission quantum yield of the sample, Astd and Ax are absorbance of the standard 

and the sample, Istd and Ix are the emission intensities of the standard and the sample respectively 

while φstd is the reported emission quantum yield of the standard (φ[Ru(bpy)2]
2+ = 0.042 in acetonitrile 

at room temperature. 

φx = (Astd / Ax) (Ix / Istd) φstd          4.3 

 
 The emission data are listed in Table 4.5 and the emission spectra in 1, 2, 3, 4 and 5 are 

shown in Figure 4.5. Emission maxima in cm-1 are in the order of 1 > 3 ~ 5 > 2 > 4. Replacement 

of Cl by py in complex 6 resulted in a shift in the emission maximum from 598 nm in 5 to 620 nm. 

Emission lifetimes fell the order 2 > 1 > 4 > 3 > 5 and ranged from 208 ns to 127 ns. Consequently 

emission quantum yields also were low compared to Ru(bpy)+2 and ranged from 3% to 0.8% 

indicating the complexes were weak emitters at room temperature. 
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Figure 4.5 Comparison of a emission spectra of Re(I) series complexes 1-5:    

─ Re(phen)(CO)3Cl; ─ Re(5,6-epoxy-phen)(CO)3Cl (2);  ─ Re(5-CN-phen)(CO)3Cl(3);            
─ Re(5-COOH-phen)(CO)3Cl (4); ─ Re(5-NH2CO-phen)(CO)3Cl 
 
Table 4.4 Emission and lifetimes of Re(I) series of complexes 

  
 

a in acetonitrile 

No Compounds aEm λmax (nm),  298 K  (ns) em 

1 Re(phen) (CO)3Cl 592 204 0.032 

2 Re(5,6-epoxy-phen)(CO)3Cl 606 208 0.008 

3 Re(5-CN-phen)(CO)3Cl 598 162 0.015 

4 Re(5-COOH-phen)(CO)3Cl 620 186 0.005 

5 Re(5-NH2CO-phen)(CO)3Cl 598 127 0.010 

6 [Re(5-NH2CO-phen)(CO)3(py)]+ 550 488 0.012 

7 Re(dafo)(CO)3Cl 596 142 0.017 

8 [Re(dafo)(CO)3(4-COOCH3py)]+ 542 472 0.016 

9 [Re(dafo)(CO)3(4-COOH-py)]+ 572 442 0.013 
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Similar to absorption properties, the Re(I) dafo derivatives 7-9 shown in Figure 4.6 emitted higher 

energy compared to the Re(I) phen derivatives. Thes complexes showed emission lifetimes ranging 

from 127 ns to 472 ns.  
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 Figure 4.6 Comparison of emission spectra of Re(I) dafo series complexes 7-9: 
 ─ Re(dafo)(CO)3Cl; ─ [Re(dafo)(CO)3(4-COOCH3py)]+; ─ [Re(dafo)(CO)3(4-COOH-py)]+.  
 
4.3.5 Cyclic Voltammetry  

Redox potentials of the Re(I) complexes determined by cyclic voltammetry are listed in 

Table 4.5. The complexes in the series underwent irreversible oxidation with peak potentials of 

~1.4 V. Re(I)-phen complexes 1 and 5 exhibited a reversible reduction process attributed to the 

reduction of coordinated 1,10-phenanthroline at -1.33 V and at -1.11 V, respectively. Reduction 

of 6 consists of 3 components and is not readily explained warranting further investigation. Re(I)-

dafo complexes underwent two reductions most likely related to the dafo component of the 

phenanthroline ring and the expected reduction of the phenanthroline ligand.  
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Table 4.5 Potential Couples of Re(I) series of complexes  

 

 
4.4 Conclusion 

 Five new rhenium complexes containing to two ligands, 1,10-phenanthroline derivatives 

and 4,5-diazafluorene-9-one have been described along with another five parent complexes. The 

1,10 phenanthroline derivatives complexes behaved, electronically like a bipyrindine ligand. The 

complexes have been characterized by elemental analyses, NMR, Vis/UV, emission and cyclic 

voltammetry. The complexes absorb in the near ultraviolet region of the spectrum, emit between 

550 - 600 nm with emission lifetimes between 150 - 500 ns, undergo irreversible oxidation at 1.45 

V and a reversible reduction of the 1,10-phenanthroline ligand near -1.30 V vs Ag/AgCl in 

acetonitrile. 

  

Dye 
No 

 
Compound 

E1/2
ox (V) ΔEp (V) E1/2

red (V) ΔEp (V) 

1 Re(phen) (CO)3Cl [1.45] --- -1.30 0.108 

5 Re(5-NH2CO-
phen)(CO)3Cl 

[1.42] --- -1.11 
 

0.117 
 

5 [Re(5-NH2CO-
phen)(CO)3(py)]+ 

[none] --- -1.13 
-1.34 
-1.52 

0.104 
0.115 
0.057 

7 Re(dafo)(CO)3Cl [1.40] --- -1.12 
-1.27 

0.070 
0.094 

9 [Re(dafo)(CO)3(4-
COOH-py)]+ 

[none] --- -0.53 
-1.17 

0.048 
0.12 
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CHAPTER 5 
 

SYNTHESIS, STRUCTURES AND CHARACTERISZATION OF 
MONOMERIC AND ISONICOTINATE BRIDGED Re(I) TRICARBONYL 

COMPLEXES CONTAINING DIIMINE LIGANDS 
 

5.1 Introduction 

A series of Re(diimine)(CO)3Cl, [Re(diimine)(CO)3(py)]+, [Re(diimine)(CO)3(X-py)]+ and 

[Re(diimine)(CO)3(OAc)] complexes, where diimine = 1,10-phenathrine, 2,2’-bipyridine, 2,2’-

bipyrazine, OAc = acetate and X is a substituent attached to pyridine (py) at the third or fourth 

position, have been designed and synthesized.112,113,114,115 Three isonicotinate bridged rhenium(I) 

tricarbonyl complexes have been linked together by way of pyridine linkage to one rhenium center 

and acetate linkage to the other one. In addition the monomers, [Re(diimine)(CO)3(isonicotinate)]+ 

and [Re(diimine)(CO)3(OAc)] have been synthesized in order to compare the electrochemical and 

photophysical properties of the dimers to the monomers. This work focuses on the preparation and 

properties of 11 fac rhenium(I) tricarbonyl complexes. 

5.2 Experimental Section 

5.2.1 Materials 

The ligands 2,2’-bipyrazine53 (bpz) and methyl isonicotinate65 (4-COOCH3-py) were 

prepared as previously reported. 1,10-phenanthroline (phen) was purchased from GFS. 2,2’-

bipyridine (bpy) and isonicotinic acid (4-COOH-py) were purchased from Acros Organics. 

Tetrabutylammonium acetate (Bu)4N(OAc) was purchased from Aldrich. The metal complexes 

rhenium(I) pentacarbonyl chloride, silver trifluoromethanesulfonate (AgOTf) and IR grade 

potassium bromide were purchased from Aldrich. Re(phen)(CO)3Cl, Re(bpy)(CO)3Cl and 

Re(bpz)(CO)3Cl were prepared by using a reported procedure.90,91 {[Re(L-
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L)(CO)3]2(isonic)}(CF3SO3), where L-L is phen, bpy or bpz were prepared by using the previously 

reported literature procedure.107, [Re(phen)(CO3)(py)](CF3SO3) was prepared using reported 

procedures.92 Diethyl ether, HPLC grade methanol and optima grade acetonitrile were purchased 

from Fisher Scientific. Absolute ethanol was obtained from AAPER. The solvents, methanol, 

hexanes and acetonitrile were obtained from Fisher. Deuterated solvents, CDCl3, CD3OD, 

(CD3)2S=O, were obtained from Cambridge Isotopes. Diethyl ether, HPLC grade methanol, 

methylene chloride, hexanes and optima grade acetonitrile for UV/visible spectral determinations 

were purchased from Fisher Scientific. Acetonitrile was the solvent used for absorption and 

emission studies. Electrochemical grade tetrabutylammonium hexafluorophosphate was purchased 

from Southwestern Analytical. Ferrocene standard used in electrochemical studies was purchased 

from Aldrich. Dried acetonitrile used as electrochemical background was contained in a sureseal 

bottle and was purchased from Aldrich. 

5.2.2 Instrumentation and Physical Measurements  

IR spectra were acquired using a Nicolet Avatar 360 FT-IR spectrophotometer. Proton 

NMR spectra were obtained using a Varian Inova 400 FT-NMR spectrometer. Elemental (C, H, & 

N) analysis was performed by Columbia Analytical Services, Tucson, AZ. An EG&G PAR Model 

263A potentiostat/galvanostat was used to obtain the cyclic and differential-pulse voltammograms. 

The measurements were carried out in a typical H-cell using a platinum disk working electrode, a 

platinum wire counter electrode, and an Ag/AgNO3 reference electrode in dichloromethane. The 

supporting electrolyte used was 0.1M tetrabutylammonium hexafluorophosphate (TBAPF6). 

Ferrocene was added as the reference. Absorption profile and extinction studies were carried out 

using a Shimadzu UV-2550 spectrophotometer. All solution samples were prepared using spectral 

grade acetonitrile or freshly distilled butyronitrile. 
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Emission spectra, excitation spectra and emission lifetimes were obtained using a FL3-

2iHR Nanolog spectrometer from Horiba Jobin Yvon Technologies. Solutions with an absorbance 

of ~0.1 at the λmax of each complex in butyronitrile were placed in Pyrex tubes (5mm, OD; 3 mm 

ID) and freeze-pump-thaw degassed. After the final degassing, the glassy samples were placed in 

a Dewar located in the cavity of the spectrometer and maintained at 77 K during measurements. 

Emission spectra were collected at λmax of the MLCT bands; excitation spectra were obtained at 

the emission maximum for each compound. A NanoLED-457 or a NanoLED-393 pulsed diode 

light source was used in all lifetime decay determinations. In this case the excitation wavelength 

used was set to 457 nm – the absorption maximum for the NanoLED-460 light source. Emission 

curve-fittings were performed using the Origin Pro 8 program via non-linear curve-fitting modes. 

5.2.3 Computational Technique 

5.2.3.1 Method Exploration.  

We employed the Becke’s 3-parameter hybrid functional with non-local exchange term of 

Becke, the local correlation term of Vosko, Wilk and Nusair (VWN),116 (as in B3LYP) as well as 

the non-local correlation of Perdew, Burke and Ernzerhof (PBE),117 (as in PBE0) and referred to 

it in the text as B3PBE. This functional yields metal-ligand distances and singlet excited states in 

good agreement with PBE0 and B3LYP functionals, respectively, due to the favorable 

combination of non-local exchange and correlation terms. 

5.2.3.2 Computational Details  

The geometries were optimized in acetonitrile solvent using the conductor-like polarizable 

continuum model (CPCM) for solvation.118,119,120 The electronic singlet ground state (SGS) and 

LLTS for each complex were fully optimized using restricted singlet and unrestricted triplet 

B3PBE, respectively. After each geometry optimization, the second-order force constant matrix 
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was calculated to confirm that the optimized geometry was a true minimum on the potential energy 

surface. The initial structures were taken from the XRD files, where available, and the rest were 

prepared by addition of methyl and phenyl groups. 

 For excited state calculations, we employed the tandem of non-equilibrium TD-DFT and 

CPCM methods, as implemented in the Gaussian 09 software.121 Forty singlet excited-states were 

computed in acetonitrile solvent based on the respective SGS geometries optimized in acetonitrile 

using the CPCM method. This tandem approach adds a self-consistent reaction field around the 

solute and employs a linear response form for calculation of the excited states.118,122 The excited 

state energies computed using the TD-DFT/CPCM method correlate linearly with experimental 

UV/Vis spectra, as we123,124 and others have shown.125,126 

The all-electron triple-ζ TZVP basis set (keyword Def2TZVP) was applied for H, C, N, 

and O atoms.127,128 The QZV effective core potentials were used for the Re atom cores.127,128 The 

quadruple-ζ QZVP basis set was applied for the valence shells of Re atoms.127,128 This combination 

of basis sets, referred in the text as TZVP-QZV-P, is the largest tractable computationally for our 

complexes and resources. The GaussView 4.1 visualization software was used to generate the 

molecular orbital and spin density isosurfaces. 

 5.2.4 Synthetic Procedures  

5.2.4.1 Preparation of {[Re(phen)(CO)3]2(isonic)}(OTf) (1). 

 Re(phen)(CO)3Cl (0.12 g, 0.25 mmol) was added to a clean 100 mL round-bottom flask 

containing AgOTf (0.05 g, 0.19 mmol), a stir bar and 50 mL of absolute ethanol. This solution was 

allowed to reflux for 6 h at room temperature. At the end of the reflux, the round-bottom flask was 

removed from the condenser and the solution was vacuum filtered to remove the silver chloride. 

The yellow filtrate was transferred to a clean 100 mL round-bottom flask containing a stir bar and 
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isonicotinic acid (0.072 g, 0.58 mmol). This mixture was allowed to reflux overnight under 

nitrogen gas. At the end of the reflux, the round-bottom flask was removed from the condenser 

and placed on a rotary evaporator to remove some of the solvent. A glass stopper was placed on 

the flask which was then stored in the freezer overnight. It was then removed from the freezer and 

allowed to reach room temperature at which point yellow crystals started to form. These crystals 

were isolated and stored for characterization. 

Color: Light yellow, Yield: 82.0%. Anal. Calcd. for Re2C37H20N5O11SF3·3H2O:  C, 36.24; H, 2.12; 

N, 5.71. Found: C, 36.89; H, 2.13; N, 5.79. IR (KBr pellet, cm-1):  (CO) 2028 sh, 1915sh. 1H-NMR 

(DMSO, 300 MHz): (phen)  ppm 8.03 (q, 2H, J = 5.1 Hz), 8.15 (q, 2H, J = 5.1 Hz), 8.22 (s, 2H),   

8.25 (s, 2H), 8.93 (td, 4H J = 6.6, 1.5Hz), 9.38 (dd, 2H J = 5.1, 1.8 Hz), 9.58 (dd, 2H, J = 5.1, 1.2 

Hz); py, 6.79 (d, 2H, J = 6.6Hz), 8.18 (d, 2H, J = 6.6 Hz).  

5.2.4.2 Preparation of {[Re(bpy)(CO)3]2(isonic)}(PF6) (2). 

The preparation procedure was similar to that of compound 1 except Re(bpy)(CO)3Cl (0.12 

g, 0.26 mmol) replaced Re(phen)(CO)3Cl. At the final stage, the solution was evaporated to 

approximately 2 mL and the desired complex was allowed to precipitate from a saturated aqueous 

ammonium hexafluorophosphate (NH4PF6) solution. It was vacuum filtered to isolate the 

compound. The remaining residue was purified on a silica gel column using MeOH/CH2Cl2 

(10:90) to afford a yellow solid. 

Color: Light yellow, Yield: 74.0%. Anal. Calcd. for Re2C32H20N5O8F6P: C, 33.25; H, 1.80; N, 

6.25. Found. C, 33.50; H, 1.95; N, 6.14. IR (KBr pellet, cm-1):  (CO) 2032 sh, 1920sh. 1H-NMR 

(DMSO, 400 MHz): (bpy)  ppm 7.12 (m, 2H), 7.82 (m, 2H), 8.42 (s, 2H), 8.85 (m, 2H), 8.26 (dd, 

2H, J = 6.6, 1.2 Hz), 8.36 (m, 2H), 8.60 (d, 1H, J = 8.4), 8.68 (d, 1H,  J = 8.8 Hz) 9.02 (d, 1H, J = 

8.0), 9.21 (d, 1H,  J = 8.8 Hz); py, 6.96 (d, 2H, J = 1.2 Hz), 7.73 (d, 2H, J = 1.2 Hz).  
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5.2.4.3 Preparation of {[Re(bpz)(CO)3]2(isonic)}(OTf)·2C2H5OH (3). 

The preparation procedure was similar to compound 1 except with the replacement of 

Re(phen)(CO)3Cl by Re(bpz)(CO)3Cl (0.13 g, 0.28 mmol). The remaining residue was purified on 

a silica gel column using MeOH/CH2Cl2 (15:85) to afford yellow solid. 

Color: Light yellow, Yield: 78.0%. Anal. Calcd. for Re2C33H28N9O13SF3:  C, 32.49; H, 2.31; N, 

10.33. Found. C, 32.74, H, 2.32; N, 11.06. IR (KBr pellet, cm-1): (CO) 2026 sh, 1932sh. 1H-NMR 

(DMSO, 400 MHz): (bpz)  ppm, 7.44 (d, 2H, J = 1.2 Hz), , 8.32 (d, 2H, J = 1.2 Hz z), 8.80 (d, 

2H, J = 1.2 Hz) 9.22 (d, 2H, J = 1.2 Hz), 9.60 (d, 2H, J = 1.2 Hz ), 10.04 (d, 2H, J = 1.2, Hz); py, 

7.18 (d, 2H, J = 2.4 Hz), 7.75 (d, 2H, J = 2.4 Hz). 

5.2.4.4 Preparation of [Re(phen)(CO)3(4-COOCH3-py)](PF6) (4). 

 To a clean 100 mL round-bottom flask equipped with a stir bar, Re(phen)(CO)3Cl (0.25 

g, 0.50 mmol) and AgOTf (0.13 g, 0.50 mmol) were added along with 20 mL of ethanol. This 

solution was allowed to reflux for 12 hours under nitrogen gas. After refluxing for roughly 2 hours, 

a gray AgCl precipitate was present. At the end of the reflux, the round-bottom flask was removed 

from the condenser, and the solution was vacuum filtered to remove the silver chloride. The yellow 

filtered solution was transferred to a clean 100 mL round-bottom flask with a stir bar and 100 µL 

(1.6 equivalents) of isonicotinic acid methyl ester. This solution was allowed to reflux overnight 

under nitrogen gas. The solution remained yellow during reflux. To the reflux solution, a solution 

of NH4PF6 in water was added, and the mixture was stirred at room temperature for 5-10 minutes. 

At the end of the 5-10 minutes, the flask was placed on a rotary evaporator, and the solution was 

condensed to 2 mL and placed in the freezer overnight. The product formed was vacuum filtered 

and stored for characterization. 
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Color: Light yellow, Yield: 78.0%. Anal. Calcd. for ReC23H15O8N3F3S: C, 36.07; H, 2.05; N, 5.74. 

Found. C, 35.89; H, 2.14; N, 5.6. IR (KBr pellet, cm-1):  (CO) 2018 sh, 1932sh, 1732. 1H-NMR 

(DMSO, 400 MHz): (phen)  ppm 8.30 (dd, 2H, J = 8.8, 5.2 Hz), 8.65 (s, 2H), 9.08 (dd, 1H, J = 

6.4, 1.6 Hz), 9.72 (dd, 1H, J = 6.4, 1.6 Hz), py, 7.62 (d, 2H, J = 6.4 Hz), 8.65 (d, 2H, 6.4 Hz), 3.76 

(s, 3H, CH3).  

5.2.4.5 Preparation of [Re(phen)(CO)3(isonicotinic acid)](PF6) (5). 

  To a clean 100 mL round-bottom flask equipped with a stir bar, 

[Re(phen)(CO)3(isonicotinic acid methyl ester)]PF6 (0.1 g, 0.13 mmol) was added along with a 

mixture of 0.2 g NaOH in 10 mL methanol. The solution was stirred vigorously at room 

temperature for 6 h. The [Re(phen)(CO)3(4-COOH-py)]PF6 precipitate formed after six hours and 

was then vacuum filtered and stored for characterization. 

Color: light olive, Yield: 68.0%. Anal. Calcd. for ReC21H13O5N3F6P: C, 35.09; H, 1.81; N, 5.84. 

Found. C, 35.0; H, 1.90; N, 6.0. IR (KBr pellet, cm-1):  (CO) 2020 sh, 1910 sh, aldehyde, 1733. 

1H-NMR (DMSO, 400): (phen)  ppm 8.25 (dd, 2H, J = 8.8, 5.2 Hz), 8.29 (s, 2H), 9.02 (dd, 1H, J 

= 6.4, 1.6 Hz), 9.76 (dd, 1H, J = 6.4, 1.6 Hz), py, 7.44 (d, 2H, J = 6.4 Hz), 8.36 (d, 2H, 6.4 Hz).  

5.2.4.6 Preparation of [Re(phen)(CO)3(py)](OTf) (6). 

Re(CO)5Cl (0.12 g, 0.33 mmol) and AgOTf  (0.85 g, 0.33 mmol) were to a 100 mL round-

bottom flask with a stir bar containing 20 mL of ethanol. This solution was allowed to reflux 

overnight under nitrogen gas. A gray AgCl precipitate was present after roughly 1 h. The 

precipitate was removed by vacuum filtration using a fine frit glass funnel. The yellow filtrate was 

transferred to a clean 100 mL round-bottom flask and 0.1 mL (1 mmol) of pyridine was added. 

The solution was allowed to reflux for another 2 h. 1,10-phenanthroline (0.06 g, 0.33 mmol) was 

added to this solution and refluxed 4 h more, the round-bottom flask was removed from the 
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condenser and placed on a rotary evaporator to remove some of the solvent. The flask was glass 

stoppered and placed in the freezer overnight. It was then removed from the freezer and allowed 

to reach room temperature at which point yellow crystals started to form. These crystals were 

isolated and stored for characterization. 

Color: Light yellow, Yield: 72.0%. Anal. Calcd. for ReC21H13O6N3F3S: C, 37.1; H, 1.91; N, 6.1. 

Found. C, 37.55; H, 2.08; N, 6.21. IR (KBr pellet, cm-1): (CO) 2012 sh, 1932 sh. 1H-NMR (DMSO, 

400 MHz): (phen)  ppm 8.24 (q, 2H, J = 4.8 Hz), 8.27 (s, 2H), 9.0 (dd, 2H, J = 6.4, 1.6 Hz), 9.73 

(dd, 2H, J = 6.4, 1.6 Hz), py, 7.26 (m, 2H), 8.42 (m, 1H), 8.24 (m, 2H, 6.4 Hz).  

5.2.4.7 Preparation of [Re(bpy)(CO3)(py)](OTf) (7). 

The preparative procedure was similar to compound 6 except with the replacement of phen 

with bpy (0.052 g, 0.33 mmol).    

Color: Light yellow, Yield: 72.0%. Anal. Calcd. for ReC19H13O6N3F3S:  C, 34.9; H, 2.0; N, 6.42. 

Found. C, 34.12; H, 1.87; N, 5.00. IR (KBr pellet, cm-1): (CO) 2032 sh, 1924 sh. 1H-NMR (DMSO, 

400 MHz): (phen)  ppm 7.98 (m, 2H), 8.12 (d, 2H, J = 6.4), 8.48 (d, 2H, J = 6.4), 9.06 (dd, 2H, 

J = 6.4, 1.6 Hz), py, 7.26 (m, 2H), 8.42 (m, 1H), 8.64 (m, 2H, 6.4 Hz).  

5.2.4.8 Preparation of [Re(bpz)(CO3)(py)](OTf) (8). 

The preparation procedure was similar to that of compound 6 except with the replacement 

of phen with bpz (0.053 g, 0.33 mmol). 

Color: Light yellow, Yield: 76.0%. Anal. Calcd. for ReC17H11O6N5F3S: C, 31.00; H, 21.97; N, 

10.62. Found C, 31.12; H, 21.66; N, 10.21. IR (KBr pellet, cm-1): (CO) 2012 sh, 1936 sh. 1H-NMR 

(DMSO, 400 MHz): (phen)  ppm 8.40 (d, 2H, J = 1.2), 8.60(d, 2H, J = 1.2), 9.90 (d, 2H, J = 6.4, 

1.2 Hz), py, 7.66 (m, 2H), 8.42 (m, 1H), 8.92 (m, 2H, 6.4 Hz). 
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5.2.4.9 Preparation of Re(phen)(CO)3(OAc) (9). 

 To a clean 100 mL round-bottom flask containing 20 mL ethanol and a stir bar, 

Re(phen)(CO)3Cl (0.20 g, 0.41 mmol) and AgOTf (0.105 g, 0.41 mmol) were added. This solution 

was allowed to reflux for 8 h under nitrogen gas. After refluxing for roughly 2 h, a gray AgCl 

precipitate was present. At the end of the reflux, the round-bottom flask was removed from the 

condenser and the solution was vacuum filtered to remove the silver chloride. The yellow filtrate 

was transferred to a clean 100 mL round-bottom flask with a stir bar and 0.094 g (0.31 mmol) of 

tetrabutylammonium acetate. The solution was allowed to reflux overnight under nitrogen gas. At 

the end of the reflux, the round-bottom flask was removed from the condenser and placed on a 

rotary evaporator to remove the solvent. The remaining residue was purified on a silica gel 

chromatography column using MeOH/CH2Cl2 (5:95) to afford yellow solid. 

Color: Light yellow, Yield: 84.0%. Anal. Calcd. for ReC17H11O5N2: C, 40.07; H, 2.16; N, 5.50. 

Found. C, 40.00; H, 2.15; N, 5.51. IR (KBr pellet, cm-1): (CO) 2018 sh, 1932sh, 1732. 1H-NMR 

(CDCl3, 400 MHz): (phen)  ppm CH3 1.44 (s, 3H), 7.85 (q, 2H, J = 2.8 Hz), 8.00 (s, 2H), 8.27(s, 

2H), 8.52 (dd, 2H, J = 6.4 1.6 Hz), 9.53 (dd, 2H, J = 5.2, 2.0 Hz).  

5.2.4.10 Preparation of Re(bpy)(CO)3(OAc) (10). 

The preparation procedure was similar to that of compound 9 except Re(bpy)(CO)3Cl (0.16 

g, 0.35 mmol) replaced Re(phen)(CO)3Cl. The remaining residue was purified on a silica gel 

chromatography column using MeOH/CH2Cl2 (5:95) to afford a yellow solid. 

Color: Yellow, Yield: 84%. Anal. Calcd. for ReC15H11O5N2: C, 37.11; H, 2.26; N, 5.77 Found. C, 

37.17; H, 2.21; N, 5.62. IR (KBr pellet, cm-1): (CO) 2018 sh, 1932sh, 1732. 1H-NMR (CDCl3, 400 

MHz): (phen)  ppm CH3 1.44 (s, 3H), 7.85 (q, 2H, J = 2.8 Hz), 8.00 (s, 2H), 8.27(s, 2H), 8.52 

(dd, 2H, J = 6.4 1.6 Hz), 9.53 (dd, 2H, J = 5.2, 2.0 Hz).  
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5.2.4.11 Preparation of Re(bpz)(CO)3(OAc) (11). 

The preparation procedure was similar to that of compound 9 except Re(bpz)(CO)3Cl (0.16 

g, 0.35 mmol) replaced Re(phen)(CO)3Cl. The remaining residue was purified on a silica gel 

chromatography column using MeOH/CH2Cl2 (10:90) to afford yellow a solid. 

Color: Yellow, Yield: 86%. Anal. Calcd. for ReC13H9O5N4: C, 32.03; H, 2.25; N, 11.49. Found. 

C, 31.90; H, 2.18 N, 11.31. IR (KBr pellet, cm-1): (CO) 2018 sh, 1932sh, 1732. 1H-NMR (CDCl3, 

400 MHz): (phen)  ppm CH3 1.58 (s, 3H), 8.86 (d, 2H, J = 2.4 Hz), 9.17 (d, 2H, J = 1.2 Hz), 9.62 

(d, 2H, J = 2.4 Hz). 
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5.3 Results and Discussion  

 

Figure 5.1 Re(I) complexes: 1) [{Re(phen)(CO)3}2(isonic)]+(OTf)-; 2) [{Re(bpy)(CO)3}2 
(isonic)]+(OTf)-; 3) [{Re(bpz)(CO)3}2(isonic)]+(OTf)-; 4)[Re(phen)(CO)3(4-COOCH3)-py]+(PF6)-; 5) 
[Re(phen)(CO)3(4-COOH)-py]+PF6

-; 6) [Re(phen)(CO)3(py)]+(OTf)-; 7) [Re(bpy)(CO)3(py)]+(OTf)-; 8) 
[Re(bpz)(CO)3(py)]+(OTf)-; 9) Re(phen)(CO)3(OAc), 10) Re(bpy)(CO)3(OAc), 11) Re(bpz)(CO)3(OAc). 
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5.3.1 Preparation of Complexes 

 Structures of complexes 1-11 are shown in Figure 5.1 and their synthesis is outlined in 

schemes 5.1 - 5.4.  

 

Scheme 5.1 Reaction schemes for phen coordinating with Re(I) metal centers 
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Re(I) complex 9 was generated when intermediate complex III is reacted with Bu4N(OAc); 

similarly bridged complex 1 was formed by reaction of intermediate complex III with isonicotinic 

acid. Complex 5 was synthesized through controlled ligation with methyl isonicotinate and counter 

ion exchange of OTf- with PF6
-
 followed by hydrolysis of methyl isonicotinic acid ester to acid by 

treating with NaOH (Scheme 5.1).  

 

 
 
Scheme 5.2 Reaction schemes for py coordinating with Re(I) metal centers 

 
As illustrated in Scheme 5.2, complexes 6, 7, and 8 were prepared from intermediate 

complex V. Treatment of Re(CO)5Cl with AgOTf produced the intermediate complex IV which 

further underwent ligand exchange with pyridine to generate intermediate complex V. Complex 6 

was synthesized by reaction of V with the phenanthroline ligand . Similarly, complexes 7 and 8 

were obtained by reaction of V with bpy and bpz, respectively. 
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Scheme 5.3 Reaction schemes for bpy coordinating with Re(I) metal centers 

Bridged complex 2 was synthesized from complex VI by treating with isonicotinic acid 

via intermediate VII. Complex 10 was formed when intermediate VII was reacted with 

Bu4N(OAc) (Scheme 5.3). 
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Scheme 5.4 Reaction schemes for bpz coordinating with Re(I) metal centers 

Complex VII underwent Cl- ion exchange with OTf- to generate IX. Complex 3 was 

synthesized by reaction of intermediate IX with of isonicotinic acid. Complex 11 was produced 

when intermediate IX reacted with Bu4NOAc (Scheme 5.4).  

 
5.3.2 X-Ray Diffraction Crystallography Determination 

 For the XRD studies, each crystal was affixed to a nylon cryo-loop using oil (Paratone-n, 

Exxon) and mounted in the cold stream of a Bruker Kappa-Apex-II area-detector diffractometer.66 

The temperature at the crystal was maintained at 150 K using a Cryostream 700EX Cooler (Oxford 

Cryosystems). Data were measured using a CCD detector at a distance of 50 mm from the crystal 

with a combination of phi and omega scans. A scan width of 0.5 degrees and time of 10 seconds 

was employed along with graphite monochromated molybdenum Kα radiation (λ= 0.71073 Å) that 

was collimated to a 0.6mm diameter. Data collection, reduction, structure solution, and refinement 

were performed using the Bruker Apex2 suite (v2.0-2). 
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Crystallographic determination data for the compounds 1, 4, 6, and 9 are collected in Table 

5.1, and Mercury diagrams are provided with thermal ellipsoids drawn at the 50% probability level 

in Figure 5.2. 

Table 5.1 Summary of crystal data, intensity, collection, and structure refinement for complexes, 
1, 4, 6, 9 

 {[Re(phen)(CO)3]2 ( 4-
COO-py)} OTf 

1 

[Re(phen)(CO)3(4- 
COOCH3-py)](PF6) 

4 

[Re(phen)(CO)3 

(py)](OTf)·H2O 
6 

Re(phen)(CO)3(OAc
)  

9 
Empirical 
formula 

C37H20F3N5O11Re2S C22H15F6N3O5PRe  C21H15F3N3O7ReS C17H11N2O5Re 

Formula 
weight 

1172.04 732.54 696.62 509.48 

Temperature 150(2) K 100(2) K 100(2) K 150(2) K 
Wavelength 0.71073 Ǻ 0.71073 Ǻ 0.71073 Ǻ 0.71073 Ǻ 
Crystal 
system 

Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/n C2/c P21/c 
Unit cell 
dimensions 

a = 15.2149(7) Å a = 11.9241(5) Å a = 17.2749(5) Å a = 7.980(2) Å 

 b = 37.386(2) Å b = 12.7811(4) Å b = 13.8817(4) Å b = 20.093(6) Å 
 c = 15.4074(8) Å c = 15.4048(5) Å c = 18.7037(6) Å c = 10.728(3) Å 
 α = 90° α = 90° α = 90° α = 90° 
 β = 104.354(2)° β = 92.6730(10)° β = 90.5490(10)° β = 107.489(15)° 
 γ = 90° γ = 90° γ = 90° α = 90° 
Volume 8492.3(7) Å3 2345.19(14)Å3 4485.0(2) Å3 1640.6(8) 
Z 8 4 8 4 
Calculated 
density 

1.833 g/cm3 2.075 g/cm3 2.063 g/cm3 2.063 

Absorption 
coefficient 

5.820 mm-1 5.339 mm-1 5.587 mm-1 7.437 mm-1 

F(000) 4464.0 1408 2688 968.0 
Crystal size 0.337 x 0.241 x 0.141 

mm 
0.150 x 0.110 x 0.100 
mm 

0.450 x 0.270 x 0.150 
mm 

0.477 x 0.323 x 
0.139 mm 

Crystal habit Plate Block Block Plate 
Crystal color Yellow Yellow Yellow Yellow 
θ range for 
data 
collection 

1.684 to 27.131° 2.337 to 26.408° 2.358 to 26.424° 3.636 –27.336° 

 -19≤ h ≤ 18 -14 ≤ h ≤ 14 -21≤ h ≤ 21 -10≤ h ≤ 10 
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Table 5.1 (continued) 
 

 {[Re(phen)(CO)3]2 ( 4-
COO-py)} OTf 

1 

[Re(phen)(CO)3(4- 
COOCH3-py)](PF6) 

4 

[Re(phen)(CO)3 

(py)](OTf)·H2O 
6 

Re(phen)(CO)3(OAc
)  

9 
Limiting 
indices 

-47 ≤ k ≤ 46 -15 ≤ k ≤ 15 -17 ≤ k ≤ 17 -25 ≤ k ≤ 25 

 -19 ≤ l ≤ 19 -19 ≤ l ≤ 19 -23 ≤ l ≤ 23 -13 ≤ l ≤ 13 
Reflections 
collected / 
unique 

72875 / 18455 [R(int) 
= 0.0417] 

33955 / 4800 [R(int) = 
0.0368] 

29715 / 4602 [R(int) 
= 0.0357] 

56505 / 3662 [Rint = 
0.0564] 

Completeness 
to θ = 25.00 

 99.9 % 99.8 %  

Absorption 
Correction 

Numerical Semi-empirical from 
equivalents 

Semi-empirical from 
equivalents 

Numerical 

Max. and 
min. 
transmission 

0.5272 and 0.2917 0.7454 and 0.5905 0.7454 and 0.4009 0.7455 and 0.4420 

Refinement 
method 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Data / 
restraints / 
parameters 

18455 / 0 / 1055 4800 / 0 / 366 4602 / 6 / 382 3662 / 0 / 227 

GOF 1.135 1.037 1.042 1.043 
Final R 
indices 
[I>2σ(I)] 

R1 = 0.0721, wR2 = 
0.1490 

R1 = 0.0162, wR2 = 
0.0345 

R1 = 0.0294, wR2 = 
0.0980 

R1 = 0.0492, wR2 = 
0.1289 

R indices (all 
data) 

R1 = 0.0927, wR2 = 
0.1547 

R1 = 0.0207, wR2 = 
0.0359 

R1 = 0.0335, wR2 = 
0.1018 

R1 = 0.0829, wR2 = 
0.1485 

Largest diff. 
peak and hole 

0.838 and -1.270 e.Å-3 0.740 and -0.346 e.Å-3 0.838 and -1.270e.Å-3 1.62 and -2.40 e.Å-3 

 
 
 

The selected bond lengths and angles around the metal center for complexes 1, 4, 6, and 

9 are listed in Table 5.2. The complexes 1 and 4 crystallized in the P2/n space group, whereas 

complex 6 packed in the C2/c space group. For the complex 1, the two rhenium metal ions are 

connected by a isonicotinate bridge [the pyridine component to one Re(I) center and the oxygen 

atom from the carboxyl group to the other Re(I) center], the Re⋯Re distance was 7.9600(3) Å. 

Each Re(I) atom is surrounded by three carbonyl groups and a phen bidentate ligand with a slightly  
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Table 5.2 Selected Bond Lengths (Å), Bond Angles (°) and Torsion Angles (°) of complex 1,4,6 
and 9 Measured Using XRD Crystallography and Optimized Using the B3PBE/TZVP-QZV-
P/CPCM Method in the Singlet Ground State (SGS) and Lowest-Lying Triplet State (LLTS) 

 
Compound Re-N1 Re-N2 Re-N-(py) Re-O Re-C(CO) N-Re-N N-Re-N(py)/O 

“Re(phen)(CO)3(py-

4-COO-“* (1) 

2.194(9) 2.180(8) 2.221(8)  1.95(1) 75.7(3) 82.6(3) 

“Re(phen)(CO)3(4-

COO-py”* (1) 

2.17(1) 2.170(8)  2.157(8) 1.97(1) 75.9(3) 82.6(3) 

[Re(phen)(CO)3(py-

COOCH3]+ (4) 

2.181(2) 2.177(2) 2.221(2)  1.913(2) 76.08(7) 86.57(7) 

[Re(phen)(CO)3(py)]+ 

(6) 

2.174(4) 2.168(4) 2.217(4)  1.927(5) 76.17(16) 81.14(15) 

[Re(phen)(CO)3OAc] 

(9) 

2.172(7) 2.174(6)  2.050(8) 1.861(10) 75.6(3) 81.4(3) 

*Components of the dimer 

distorted octahedral environment. The short bite angle of phen is the main cause of the distortion. 

The value of the angle subtended by this ligand at the rhenium atom N-Re-N is 75.1 (3)o which is 

reduced significantly from the expected ideal 90o for an octahedron. At rhenium bridging center, 

the angles between N-Re-N(py) and N-Re-O(acid) are both 82.6(3)o . The Re-N1 and Re-N2 (Re-

py) bond lengths are 2.194(9) Å and 2.180(7) Å, respectively, which are somewhat longer than 

those in acetylpyridine hydrazone complexes.129 The Re-N1 and Re-N2 bond lengths are 2.17(1) Å 

and 2.170(9) Å which are very close distances those in the acetylpyridine hydrazine complexes.130 

A comparison of Re-N1and Re-N2 of complexes 4, 6, and 9 compared to complex 1 (Re-py), 

revealed that one Re-N1 distance is shorter by 0.020 Å; the other Re-N (py) bond distance is 

approximately same length.  
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     1                     4 

                             

6                   9   

Figure 5.2 Mercury drawings at 50% probability for {[Re(phen)(CO)3]2( 4-COO-py)}+ (1), 
[Re(phen)(CO)3(4-COOCH3-py)]+ (4), [Re(phen)(CO)3(py)]+ (6) and Re(phen)(CO)3(OAc) (9). 
Color code: C-black, N-blue, O- red, H-white, Re-teal 
 
 
5.3.3 Geometry Optimization. 

 The electronic character of the LLTS (lowest lying triplet state) is assigned based on the 

spin density distributions131 presented in Figure 5.3. The spin densities are localized mainly on 

Re2-phen and Re-phen moieties for the dimer and monomer, respectively.  
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fac(CO)3(phen)Re-
N(py)COO-

Re(phen)fac(CO)3 

fac(CO)3(phen)Re-
N(py)COOMe 

fac(CO)3(phen)ReCl 

 

Figure 5.3 Electron Spin Density Distributions Around the Complexes Plotted at Isovalue of 
0.003 e/Å3 for the LLTS of Isolated Molecules in Acetonitrile Solvent Computed Using the 
B3PBE/TZVP-QZV-P/CPCM Method. The α and β spin densities are shown as tan and green 
color meshes, respectively   

 The energies and assignments of the LLTS that according to Kasha’s rule132 would be the 

emitting states are listed in Table 5.3. 

Table 5.3 Lowest-lying Triplet States (LLTS) (in eV and in parentheses in nm) of Isolated 
Molecules Fully Optimized in Acetonitrile Solvent Using the TD-DFT/B3PBE/TZVP-QZV-
P/CPCM Method. The LLTS type is assigned based on the distribution of the 2 unpaired 
electrons, labeled as spin densities (ρs, in |e|) among the Re atom and the 1,10-phenanthroline 
(phen), nicotinic acid (NA), and CO ligands. The spatial spin density distributions are presented 
in Figure 5.3 

Complex LLTS  Type ρs (Re)  ρs (NA)  ρs (phen) ρs (CO) 
fac(CO)3(phen)Re-
N(py)COO-
Re(phen)fac(CO)3 

2.63 (472)  3MMLCT 
(Re1OOC 
to Re2phen) 

0.00a, 
0.60b 

0.02 0.00a, 
1.27b 

0.00a, 
0.11b 

fac(CO)3(phen)Re-
N(py)COOMe 

2.65 (469)  3LLCT (CO 
to phen) 

0.58 0.02 1.30 0.10 

aRe1; bRe2 
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5.3.4 Singlet excited electronic states 

Singlet excited states (SES) of the complexes were calculated relative to the SGS using the 

TD-DFT method in acetonitrile solvent. In Table 5.4 are listed the SES with oscillator strength 

higher than 0.009 along with assignments of the major contributing electronic transitions. The 

assignments were made based on the molecular orbital spatial distributions presented in Figure 

5.4. The normalized percent contributions of the major electronic transitions contributing to the 

SES were given in parentheses. 

Table 5.4 Singlet Excited States (SES) (in eV and in parentheses in nm) with Oscillator Strength 
(f) Higher Than 0.009 of Isolated Molecules in Acetonitrile Solvent Calculated as Vertical 
Electronic Transitions Using the TD-DFT/B3PBE/TZVP-QZV-P/CPCM Method. The transition 
types are assigned based on the major contributing electronic transitions with percentages listed 
in parentheses. MLCT = metal-to-ligand charge transfer; LC= ligand-centered; MLLCT = metal-
and-ligand-1-to-ligand-2 charge transfer (see subscripts for ligand 1 and ligand 2); Subscripts 
denote the major contributing moiety 

Complex SES  f Type Transition 
fac(CO)3(phen)Re-
N(py)COO-
Re(phen)fac(CO)3 

3.05 (407) 0.074 MLCT Re1-OOC to phen( 
Re1) 

H-1→L+1 (88%) 

 3.17 (391) 0.014 MLLCT Re1-OOC to Re2-py H→L (79%) 
 3.24 (383) 0.049 LLCT (CO to phen at Re2), d-

d, π-π*  
MLLCT Re1-OOC to Re2-py 

H-3→L (58%) 
H-1→L (26%) 

 3.26 (380) 0.022 LLCT, d-d, π-π* at Re1-OOC H→L+3 (91%) 
 3.27 (379) 0.031 MLLCT Re1-OOC to Re2-py H-1→L (70%) 
 3.38 (367)  0.012 LLCT, d-d, π-π* at Re2-py  H-5→L (97%) 
 3.48 (356) 0.036 MLLCT Re1-OOC to NA H→L+4 (90%) 
 3.55 (349) 0.057 MLLCT Re1-OOC to NA H-1→L+4 (82%) 
 3.57 (347) 0.045 MLLCT CO-Re2 to Re2-phen H-4→L+2 (84%) 
 3.58 (346) 0.019 MLLCT CO-Re2-py to Re2-

phen 
H-3→L+2 (78%) 

 3.84 (323) 0.121 MLLCT CO-Re2-py to NA H-3→L+4 (91%) 
 4.01 (309) 0.032 MLLCT CO-Re2 to NA H-5→L+4 (74%) 
     

 

 

 Table 5.4 (continued)  
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Complex SES  f Type Transition 
fac(CO)3(phen)Re-
N(py)COOMe 

3.26 (380) 0.091 LLCT (CO to phen at Re2), d-
d, π-π* 

H→L (93%) 

 3.40 (365) 0.016 LLCT (CO to phen), d-d H-2→L (94%) 
 3.49 (355) 0.110 MLLCT CO-Re-phen to NA H→L+1 (90%) 
 3.60 (344) 0.046 MLLCT CO-Re to NA H-1→L+1 (83%) 
 3.61 (344) 0.025 MLLCT CO-Re to NA H-1→L+1 (95%) 
 3.67 (338) 0.053 LLCT phen to NA H-3→L+1 (90%) 
 4.47 (278) 0.033 MLLCT CO-Re to NA  

LLCT (CO to phen), d-d 
H-1→L+4 (60%) 
H-1→L+3 (34%) 

 4.53 (273) 0.131 LLCT (CO to phen), d-d  
LLCT phen to NA  
π-π* (phen) 

H-1→L+2 (30%) 
H-4→L+1 (28%)  
H-4→L (18%) 

 4.56 (272) 0.020 LLCT phen to NA H-4→L+1 (74%)  
 4.58 (271) 0.109 π-π* (phen) 

 
H-4→L+2 (56%) 
H→L+3 (34%) 

 4.61 (269) 0.199 LLCT (CO to phen), d-d 
π-π* (phen), LMCT phen to Re  
π-π* (phen), d-d 

H-1→L+6 (28%)  
H-4→L (23%)  
H-2→L+5 (22%) 

 4.84 (256) 0.258 MLLCT CO-Re to phen  
  
π-π* (phen), LMCT phen to Re 

H-1→L+3 (49%)  
H-1→L+6 (20%)  
H-4→L (12%) 

 4.88 (254) 0.037 MLLCT CO-Re to NA  H-2→L+4 (63%)  
H-1→L+6 (20%) 

 4.99 (248) 0.017  
MLLCT CO-Re to NA 

H→L+6 (60%)  
H-2→L+3 (24%) 

 5.01 (248) 0.027 π-π* (NA)  
π-π* (CO), d-d  

H-5→L+1 (59%)  
H→L+5 (18%) 

 
 

 

 

The spatial distributions of the frontier molecular orbitals of the complexes are shown in 

Figure 5.4 
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fac(CO)3(phen)Re-N(py)COO-Re(phen)fac(CO)3 

      
LUMO LUMO+1 LUMO+2 LUMO+3 LUMO+4 LUMO+5 

   
   

HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5 
 
fac(CO)3(phen)Re-N(py)COOMe 

  
    

LUMO LUMO+1 LUMO+2 LUMO+3 LUMO+4 LUMO+5 

  
    

HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5 
 
fac(CO)3(phen)ReCl 

      
LUMO LUMO+1 LUMO+2 LUMO+3 LUMO+4 LUMO+5 

      
HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5 
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Figure 5.4 Spatial Distributions of the HOMO, HOMO-1, and LUMO of the Complexes Plotted 
at an Isovalue of 0.03 au for the SGS of Isolated Molecules in Acetonitrile Solvent Computed 
Using the B3PBE/TZVP-QZV-P/CPCM Method. Red and green isosurface colors denote + and 
– nodes, respectively. The initial structure is built based on the X-ray crystal structure and fully 
optimized 

 
5.3.5 Absorption and Emission Properties 

5.3.5.1 Absorption 

The electronic absorption spectra of Re(I) complexes 1-11 were determined in acetonitrile 

at room temperature and the energy maxima are listed in Table 5.5. They all show three major 

transitions in acetonitrile. The low energy transitions located at 390 nm to 436 nm region are 

assigned as a metal-to-ligand charge transfer (MLCT) and the more intense, higher energy 

transitions located at energies >330 nm to an intraligand π  π* transition.98 Absorption 

coefficients for the complexes range from 3628-4264 M-1 cm-1 for the MLCT maxima and from 

4866 - 6511 M-1 cm-1 for π to π* region.  

Table 5.5 Absorption maxima (nm) and absorption coefficients (M-1cm-1) in parentheses for the 
rhenium complexes 

a in acetonitrile (experiment) 

Dye 
No 

Complexes MLCT 
λabs

a (ε, M-1cm-1) 
L-L (π-π*) 

λabs (ε, M-1cm-1) 
L-L (π-π*) 

λabs (ε, M-1cm-1) 
1 {[Re(phen)(CO)3]2(isonic)}+ 364 (3842) 328 (5921) 272 (7025) 
2 {[Re(bpy)(CO)3]2(isonic)}+ 352 (3780) 302 (4889) 374 (5024) 
3 {[Re(bpz)(CO)3]2(isonic)}+ 406 (4264) 336 (6022) 372 (7242) 
4 [Re(phen)(CO)3(4-COOCH3-py)]+ 368 (4458) 324 (9850) 274 (11288) 
5 [Re(phen)(CO)3(4-COOH-py )]+ 366 (3869) 326 (6511) 268 (7824) 
6 [Re(phen)(CO3)(py)]+ 364 (3735) 326 (5858) 270 (6958) 
7 [Re(bpy)(CO3)(py)]+ 350 (3628) 326 (6866) 268 (7986) 
8 [Re(bpz)(CO3)(py)]+ 406 (3820) 334 (5992) 292 (7024) 
9 Re(phen)(CO)3(OAc) 380 (3869) 326 (5566) 276 (6436) 
10 Re(bpy)(CO)3(OAc) 378 (3690) 318 (4875) 272 (5542) 
11 Re(bpz)(CO)3(OAc) 430 (4128) 334 (5856) 306 (6422) 
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Figure 5.5 shows the spectral comparison of complexes 1, 2 and 3. The spectra for 1 and 2 

are nearly identical in the MLCT region, but complex 2 showed a strong * intensity peak at 

302 nm compared to a less intense absorbance for complex 1. Among the three complexes, the low 

energy absorption maxima in cm-1 follow the spectrochemical series 1 > 2 > 3.  
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Figure 5.5 Comparison of absorption spectra of Re(I) isonicotinate dimer with bidentate ligands, 
phen (1), bpy (2), and bpz (3), respectively: ─ {[Re(phen)(CO)3]2(isonic)}+: 
 ─ {[Re(bpy)(CO)3]2-(isonic)}+; ─ {[Re(bpz)(CO)3]2(isonic)}+ 
 

Figure 5.6 shows the spectral comparison of complexes 4, 5, 6, 7 and 8. The spectra for 4, 

5, 6 and 7 are nearly identical in the MLCT region, but complex 7 shows a strong intensity peak 

of * at 302 nm which is not as intense for complex 1. Among the three complexes, bpz 

coordinated Re(I) complex show the lower energy MLCT maxima than other complexes. The low 

energy absorption maxima in cm-1 follow the spectrochemical series 7 > 6 > 5 > 4> 8.  
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Figure 5.6 Comparison of absorption spectra of rhenium(I) pyridine derivatives with bidentate 
ligands, 1,10-phenanthroline (4, 5, 6), bipyridine (7), and bipyrazine (8) respectively: 
 ─ [Re(phen)(CO)3(4-COOCH3-py)]+; ─ [Re(phen)(CO)3(4-COOH-py )]+;  
  ─ [Re(phen)(CO3)(py)]+; ─ [Re(bpy)(CO3)(py)]+, ─ [Re(bpz)(CO3)(py)]+ 

 

 

Figure 5.7 Comparison of absorption spectra of rhenium(I) acetate monomer with bidentate 
ligands, 1,10-phenanthroline (9), bipyridine (10), and bipyrazine (11) respectively:  
 ─ Re(phen)(CO)3(OAc); ─ Re(bpy)(CO)3(OAc); ─ Re(bpz)(CO)3(OAc) 
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Figure 5.7 shows the spectral comparison of complexes 9, 10, and 11. The bpz coordinated 

Re(I) center complex 11 shows a red shift and broader MLCT absorption band than the other 

complexes. The low energy absorption maxima in cm-1 follow the spectrochemical series 9 ~ 10 > 

11. 
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Figure 5.8 Comparison of absorption spectra of Re(I) bipyrazine complexes with pyridine (8) 
and acetate (11) coordination and monomers correspondent to that of the dimer: 
─ {[Re(bpz)(CO)3]2(isonic)}+; ─ [Re(bpz)(CO)3(py)] ─ Re(bpz)(CO)3(OAc) 
 
 

Figure 5.8 shows the spectral comparison of complexes 3, 8 and 11. The acetyl coordinated 

Re(I) center complex 11 shows the greatest red shift compared to the others. The energy trend in 

cm-1 for the MLCT absorbance is 3 > 8 > 11.  

5.3.5.2 Emission  

The emission maxima for 10 complexes are listed in Table 5.6 along with their emission 

quantum yields and emission lifetimes. The emission quantum yields were obtained in acetonitrile 

at room temperature conditions. The standard reference used for this experiment was ruthenium(II) 

tris-bipyridine hexafluorophosphate,133 Ru(bpy)3(PF6)2. All data were calculated using equation 
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4.1; where φx is the experimental emission quantum yield of the sample, Astd and Ax are absorbance 

of the standard and the sample, Istd and Ix are the emission intensities of the standard and the sample 

respectively while φstd is the reported emission quantum yield of the standard (φ[Ru(bpy)2]
2+ = 0.042 

in acetonitrile.  

φx = (Astd / Ax) (Ix / Istd) φstd           5.1 

Complexes emitting at wavelengths < 600 nm were 1, 2, 4, 5, 6, 7, and those emitting at 

wavelengths > 600 nm were 3, 8, 9, 10. Complexes 2, 4, 5, 6 and 7 have emission quantum yields 

ranging from 7% to 12%; emission quantum yields for complexes 1, 9, and 10 range from a low 

of 0.3% for 10 to % for 1. Emission lifetimes did not follow the same trends as emission quantum 

yields. The compounds falling in the lifetime sequence <500 ns <400 ns <200 ns < 75 ns were 4, 

5, 6 < 7, 8 < 1, 2, 9, 10, respectively. 

Table 5.6 Emission maxima and emission quantum yields of complexes 1-10 in acetonitrile at 
room temperature  

 
Dye Complexes λ

em
 (nm) QY (φ) τ/ns 

1 {[Re(phen)(CO)3]2(isonic)}+ 570 0.040 141 
2 {[Re(bpy)(CO)3]2(isonic)}+ 575 0.067 98 
3 {[Re(bpz)(CO)3]2(isonic)}+ 660 0.010 n/a 
4 [Re(phen)(CO)3(4-COOCH3-py)]+ 560 0.081 442 
5 [Re(phen)(CO)3(4-COOH-py )]+ 542 0.067 450 
6 [Re(phen)(CO3)(py)]+ 565 0.120 406 
7 [Re(bpy)(CO3)(py)]+ 575 0.110 208 
8 [Re(bpz)(CO3)(py)]+ 670 0.015 286 
9 Re(phen)(CO)3(OAc) 650 0.011 86 

10 Re(bpy)(CO)3(OAc) 660 0.003 78 
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Figure 5.9 Comparison of normalized emission spectra for (a) Re(phen)(CO)3X derivatives (X = 
OAc and x-py) to the dimer, ─ {[Re(phen)(CO)3]2(isonic)}+; ─ [Re(phen)(CO)3(py)]+;  

─ [Re(phen)(CO)3(4-COOCH3py)]+; ─ [Re(phen)(CO)3(4-COOCH3py)]+; ─ Re(phen)(CO)3- 
(OAc); and (b) comparison of normalized emission spectra of Re(bpy)(CO)3X derivatives (X = 
OAc and py) to the dimer, ─ {[Re(bpy)(CO)3]2(isonic)}+; ─ [Re(bpy)(CO)3(py)]+; ─ 
Re(bpy)(CO)3(OAc) 
 

Figure 5.9 (a) shows normalized emission spectra of Re(I)-phen bonded to derivatives of 

pyridine. The Re(I) dimer and derivatives of py coordinated Re(I)-phen complexes show similar 

emission maxima at 570 nm, but the OAc coordinated Re(I)-phen shows a red shift to 650 nm. 

Re(I)-bpy coordinated py complexes behave similarly as shown in Fig 5.9 (b).  
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Figure 5.10 Comparison of normalized emission spectra for (a) Re(bpz)(CO)3L derivatives (L = 
py) to the dimer, ─ {[Re(bpz)(CO)3]2(isonic)}+; ─ [Re(bpz)(CO)3(py)]+ and (b) comparison of 
normalized emission spectra of the dimers. ─ {[Re(phen)(CO)3]2(isonic)}+; 
─ {[Re(bpy)(CO)3]2-(isonic)}+; ─ {[Re(bpz)(CO)3]2(isonic)}+ 
 

Figure 5.10(a) shows the normalized emission spectra for bpz coordinated Re(I) 

complexes. A broad emission peak near 670 nm was found for complexes 3 and 8. A relative 

emission spectra comparison of three dimer complexes, 1, 2, 3, is presented in Figure 5.10 (b). The 

bpy or phen coordinated Re(I) complexes showed very similar emission maxima. But the bpz 

coordinated Re(I) showed a ~90 nm red shift compared to the others.  

 
 

Figure 5.11 The compression of relative absorbance and emission energy diagram for Re(I) 
bidentate complexes, phen, bpy, bpz.  
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Figure 5.11 is an energy diagram for comparison of relative absorbance and emission 

energy for Re(I) bidentate complexes, phen, bpy, bpz. Based on experiment results from absorption 

and emission spectra, the bpz ligand coordinated Re(I) complexes have absorbed and emitted at 

lower energy than Re(I) coordinated to phen and bpy ligands. 

5.3.7 Electrochemistry  

Table 5.7 lists the reduction potentials for the Re(I) complexes 1-3, 6-11 and the cyclic 

voltammograms for the complexes 7, 8, 9, and 11 are shown in Figure 4.12. Due to the similarity  

of the two rhenium centers of the dimers, they underwent one observed irreversible oxidation of 

the two rhenium centers as expected, but two reductions similar in half-wave potentials to those 

of the monomer components. {[Re(phen)(CO)3]2(isonic)}+, for example has reductions at -1.25 V 

and -1.08 V. The monomer, [Re(phen)(CO3)(py)] +, has reductions at -1.33 V and -1.10 V and 

Re(phen)(CO)3(OAc) has one reduction at -1.3 V. 

 
Figure 5.12 Cyclic voltammograms for (a) rhenium bipyrazine monomers and (b) rhenium 
bipyridine monomers 
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Table 5.7 E
1/2

-values (V) determined by cyclic voltammetry for the rhenium tricarbonyl diamine 
acetate and pyridine monomers and the isonicotinate bridged dimers  

 
Dye Complexes E1/2

red (I) (V) E1/2
red (I) (V) 

1  {[Re(phen)(CO)3]2(isonic)}+ -1.25 -1.08 
2  {[Re(bpy)(CO)3]2(isonic)} + -1.35 -1.15 
3  {[Re(bpz)(CO)3]2(isonic)} +  -0.75 -0.61 
6  [Re(phen)(CO3)(py)] + -1.33 -1.10 
7  [Re(bpy)(CO3)(py)] + -1.46 -1.11 
8  [Re(bpz)(CO3)(py)] + -0.85 -0.60 
9  Re(phen)(CO)3(OAc) -1.30 - 
10  Re(bpy)(CO)3(OAc) -1.35 - 
11  Re(bpz)(CO)3(OAc) -1.25 -0.80 

 

5.4 Summery 

The dimer, [fac(CO)3(phen)Re-N(py)COORe(phen)fac(CO)3]+, consists of two 

components, [fac(CO)3(phen)Re-N(py)]+ and [CH3COORe(phen)fac(CO)3], but exhibits 

absorption and emission properties different from those of the model monomers. The pyridine- 

and acetate-containing monomers emit at 565 nm and 650 nm, respectively, in acetonitrile. Rather 

than emitting at lower energy exhibited by the acetate bonded monomer, the dimer emits at higher 

energy (570 nm) exhibited by the nitrogen bonded component. To determine the reason for this 

unexpected and unusual behavior, computational studies have been employed. 
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                    a                                              b                                 c                             d  
Figure 5.13 a. ORTEP of dimer, b. Calculated electron spin density distributions for the LLTS 
of the dimer, c. Spatial distribution of the HOMO for the dimer, d. Spatial distribution of the 
LUMO for the dimer. 

 

Theoretical calculations indicate optical transitions occur at 391 nm from the HOMO 

(Figure 5.13c) located on the acetate to the LUMO (Figure 5.13d) located on the pyridine bonded 

complex and emission occurs from the lowest-lying triplet state (LLTS) (Figure 1b) located on the 

pyridine bonded component. Understanding the unusual emission behavior of this dimer would be 

useful for the design of improved photosensitive dyes, as part of thin-film photoelectrochemical 

solar cells. 
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CHAPTER 6 
 

SYNTHESIS, CHARACTERIZATION AND PHOTOPHYSICAL 
PROPERTEIS OF RHENIUM(I) -2,2’-BIPYRAZINE TRICARBONYL  

AND RUTHENIUM(II) COMPLEXES 
 
 
6.1 Introduction 

Mankind is searching for alternative energy sources as a consequence of dwindling fossil 

fuels which only provide 30% of the world’s population with electricity.1 By the year 2050, the 

power supply gap equaling today’s energy consumption is expected to create a planetary 

emergency of great dimensions.1,134 Our research group designs photocatalysts with the goal of 

using solar energy to drive chemical conversion processes. Heterocyclic ligand complexes of 

ruthenium(II),97,135, platinum(II),131,136,137 and rhenium(I)138,139 have been explored in our 

laboratories as potential solar energy photocatalysts, which upon photoexcitation can undergo 

excited-state electron transfer reactions. In addition, the complexes have potential use as catalysts 

for converting low energy to higher energy materials (e.g. CO2CH4).  

These complexes are also being explored as dyes for attachment to TiO2 electrodes for use 

in dye sensitized solar cells (DSSC).18,19 Attachment of rhenium(I) tricarbonyl complexes 

containing 4,4’-carboxy-2,2’-bipyridine complexes to TiO2 in Grätzel cells showed ~1% 

efficiency due to absorption of high energy light. The solar conversion efficiency is near 11% for 

metal complex dyes, as compared to organic thin-film technology cells which are efficient between 

6% to 13% and first generation commercial silicon solar cells which are efficient between 12 % 

and 15%.18–21 A couple of major hurdles to overcome in a DSSC fabrication is the use of the liquid 

electrolyte, which can easily freeze at ower temperature, the iodide/tri-iodide redox couple which 

causes serious problems such as electrode corrosion and electrolyte leak.  
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 So far, the parent complex, [Ru(bpy)3]2+ (bpy = 2,2’-bipyridine), has been the most widely 

studied for several applications, 62,138,140However, metal complexes with the 2,2’-bipyrazine (bpz) 

ligand have been used in a variety of systems due to its favorable photophysical properties such as 

long excited-state lifetimes and high luminescent efficiencies.32,140–143 The metal-to-ligand charge-

transfer (MLCT) band of [Ru(bpz)3]2+ (bpy = 2,2’-bipyrazine) is slightly higher in energy and the 

lifetime of the emissive state is slightly longer than that of Ru-bpy complex in water.15,16 Another 

major difference is their redox potentials, i.e. the Ru-bpz is shifted 0.5 V more positive relative to 

that of the Ru-bpy, which can be seen in Scheme 6.1.92 Because of this [Ru(bpz)3]2+ complexes 

can be reduced more easily at the cathode compared to [Ru(bpy)3]2+. Because of this, in this chapter 

we report the design and synthesis Re(I) and Ru(II) 2,2-bipyrazine complexes.  

 

Scheme 6.1 Schematic diagram of ground and excited energy levels of A) [Ru(bpy)3]2+ and B) 
[Ru(bpy)z]2+16 
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6.2 Experimental 

6.2.1 Materials 

 The synthetic procedures for the ligands, 2,2’-bipyrazine (bpz), 2-(pyridine-2-yl) 

pyrazine (pypz), 5-methyl-2,2’-bipyrzine (Mebpz), 2-methyl-5-(pyridine)-2-yl) pyrazine 

(Mepzpy), 5,5’-dimethyl-2,2’-bipyrazine (Me2bpz), 5,5’-dicarboxy-2,2’–bipyrazine 

((COOH)2bpz), dimethyl(2,2’–bipyrazine)-5,5’-dicarboxylate ((COOCH3)2bpz), diethyl(2,2’–

bipyrazine)-5,5’-dicarboxylate ((COOC2H5)2bpz) were provided in Chapter 5. Re(L-

L)(CO)3Cl,90,91,144 where, L-L are bpz derivatives, were prepared as previously reported. 

Re(bpy)(CO)3Cl was prepared as previously reported.144 Ruthenium(II) bis-2,2’-bipyridine 

dichloride hydrate, [Ru(bpy)2Cl2∙xH2O],145 ruthenium(II) bis-2,2’-bipyridine carbonate, 

[Ru(bpy)2CO3],108,146,147 (ruthenium(II) (2,2’-bipyridine)2(4,4’-dicarboxy-2,2’–bipyridine) 

hexafluorophosphate, [Ru(bpy)2((COOH)2bpy)]- (PF6)2,148 Ruthenium(II) bis-2,2’-bipyrazine 

dichloro hydrate, [Ru(bpz)2Cl2∙xH2O],145 ruthenium(II) bis-2,2’-bipyrazinecarbonate, 

[Ru(bpz)2CO3]98,146 , ruthenium(II) (2,2’-bipyrazine)2 (dimethyl(2,2’–bipyrazine)-5,5’-

dicarboxylate hexafluorophosphate, [Ru(bpz)2((COOCH3)2- bpz)](PF6)2,98 and ruthenium(II) (bis-

2,2’-bipyrazine) (5,5’-dicarboxy(2,2’–bipyrazine) hexafluorophosphate, 

[Ru(bpz)2((COOH)2bpz)](PF6)2, were prepared as previously reported.98 Rhenium pentacarbonyl 

chloride, ammonium hexafluorophosphate (NH4PF6), IR grade potassium bromide, N,N-

dimethylformamide (DMF), silver trifluoromethanesulfonate (AgOTf) and 

trifluoromethanesulfonic acid (triflic acid) (99%) in a vacuum sealed glass container were obtained 

from Aldrich. Deuterated dimethyl sulfoxide (DMSO) and deuterated chloroform for NMR 

analysis were obtained from Cambridge Isotopes. Diethyl ether, HPLC grade methanol, 

chloroform, methylene chloride, hexanes and optima grade acetonitrile for UV/Visible spectral 
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determinations were purchased from Fisher Scientific. A (4:1) by volume ethanol/methanol 

solution was prepared and used as solvent for fluorescence emission and lifetime studies.  

6.2.2 Measurements 

Infrared spectra were obtained using Perkin-Elmer Model 1600 FT-IR and Nicolet Avatar 

model FT-IR Spectrophotometers. All samples were prepared as potassium bromide pellets. The 

Nicolet instruments were accompanied by Omni software programs. Proton (1H) and Carbon (13C) 

NMR spectra were obtained using Varian Mercury 300 MHz and Varian Inova 400 MHz FT-NMR 

spectrometers (internal standard, TMS). Ultraviolet spectra were obtained using a Jasco V-670 

spectrometer and OLIS software program, and emission spectra and emission lifetimes were 

determined with a SPEX Nanolog instrument. Samples were degassed via freeze-pump-thaw 

method34. For emission studies, the absorbance at the excitation wavelength was set to ~ 0.1. 

Elemental (C, H, N) analysis was performed by M-H-W Laboratories.  

6.2.3 Preparations 

6.2.3.1 Re(bpz)(CO)3Cl (1).  

A sample of Re(CO)5Cl (0.16 g, 0.44 mmol) was dissolved in 20 mL of absolute ethanol 

in a 100 mL round-bottom flask. An equivalent molar amount of 2,2’-bipyrazine (0.07 g, 0.44 

mmol) was added to the solution which was magnetically stirred and refluxed under argon 

overnight. Aluminum foil was wrapped around the flask to shield the solution from light. An 

orange precipitate formed and was removed by vacuum filtration. It was washed with two 5 mL 

portions of ether. The solid was re-dissolved in CH3OH, filtered to remove insoluble materials, 

concentrated to ~ 5 mL and added to hexanes to precipitate it. It was removed by filtration, dried 

and weighed.   
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Color: Orange, 85.0% yield. Anal. Calcd. for ReC11H6O3N4Cl: C, 28.48; H, 1.30; N, 12.08. Found. 

C, 28.46; H, 1.22; N, 12.12. IR (KBr pellet, cm-1): (CO) 2030 sh, 1917 sh. 1H-NMR (DMSO, 400 

MHz): δ ppm 8.18 (d, 2H, J = 1.2), 9.08 (s, 2H), 9.24 (dd, 2H, J = 1.2). 

6.2.3.2 Re(Mebpz)(CO)3Cl (2). 

The preparation was similar to that of Re(bpz)(CO)3Cl except that 5-methyl-2,2'-

bipyrazine (Mebpz) was used in the place of 2,2’-bipyrazine.  

Color: Orange, 83.2% yield. Anal. Calcd % for ReC12H8O3N4Cl:  C, 30.16; H, 1.69; N, 11.72. 

Found: C, 30.66; H, 1.64; N, 11.68. IR (KBr pellet, cm-1):  (CO), 2029, 1903 sh. 1H NMR (DMSO): 

δ ppm 8.60 (d, 3H), 9.07, (s, 2H), 1.68 (d, 3H).  

6.2.3.4 Re(Me2bpz)(CO)3Cl (3).  

The preparation was similar to that of Re(bpz)(CO)3Cl except that 5,5'-dimethyl-2,2'-

bipyrazine (Me2bpz) was used in the place of 2,2’-bipyrazine.  

Color: Orange, 83.0% yield. Anal. Calcd. % for ReC13H10O3N4Cl:  C, 31.74; H, 2.05; N, 11.39. 

Found. C, 31.65; H, 2.09; N, 11.49. IR (KBr pellet, cm-1): (CO) 2028 sh, 1916 sh. 1H-NMR 

(DMSO, 400 MHz): δ 8.97 (s, 2H), 9.91 (s, 2H), 2.68 (s, 6H). 

6.2.3.4 Re((COOCH3)2bpz)(CO)3Cl (4). 

The preparation was similar to that of Re(bpz)(CO)3Cl except that dimethyl [2,2'-

bipyrazine]-5,5'-dicarboxylate was used in the place of 2,2’-bipyrazine.  

Color: Yellow, 83.14% Anal. Calcd (%) for ReC15H10O7N4Cl:  C, 31.07; H, 1.74; N, 9.66. 

Found:  C, 31.00 H, 1.86; N, 9.59. IR (KBr pellet cm-1): (CO) 2027 sh, 1918 sh, (CN) 2150 sh. 1H 

NMR (DMSO, 400 MHz): δ ppm 9.35 (d, 2H, J = 1.2 Hz), 10.28 (d, 2H, J = 1.2 Hz), 3.97 (s, 6H). 
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6.2.3. 5 Re((COOC2H5)2bpz)(CO)3Cl (5). 

The preparation was similar to that of Re(bpz)(CO)3Cl except that diethyl [2,2'-

bipyrazine]-5,5'-dicarboxylate ((COOC2H5)2bpz) was used in the place of 2,2’-bipyrazine. 

Color: Yellow, 83.14% Anal. Calcd (%) for ReC17H14O7N4Cl:  C, 33.58; H, 2.32; N, 9.22. 

Found:  C, 33.46; H, 2.49; N, 9.24. IR (KBr pellet cm-1): (CO) 2027 sh, 1918 sh, (CN) 2150 sh. 

1H NMR (DMSO, 400 MHz): δ ppm 9.38 (s, 2H), 10.27 (d, 2H, J = 0.8 Hz), 4.44 (q, 4H, J = 7.2 

Hz), 1.36 (t, 6H, J = 7.2 Hz).  

6.2.3.6 Re((COOH)2bpz)(CO)3Cl (6).  

The preparation was similar to that of Re(bpz)(CO)3Cl except that [2,2'-bipyrazine]-5,5'-

dicarboxylic acid ((COOH)2bpz) was used in the place of 2,2’-bipyrazine. 

Color: Yellow, 83.14% Anal. Calcd (%) for ReC13H6O7N4Cl:  C, 28.29; H, 1.16; N, 10.15. 

Found:  C, 27.70; H, 1.26; N, 9.60. IR (KBr pellet cm-1): (CO) 2027 sh, 1918 sh, (CN) 2150 sh. 

1H NMR (DMSO, 400 MHz): δ ppm 8.17 (2H, dd), 9.05, (2H, s), 9.27 (2H, dd). 

6.2.3.7 Re(pypz)(CO)3Cl (7). 

The preparation was similar to that of Re(bpz)(CO)3Cl except that 2-(pyridin-2-yl)pyrazine 

was used in the place of 2,2’-bipyrazine .  

Color: Dark Orange, 61.2% yield. Anal. Calcd (%) for ReC12H7O3N3Cl:  C, 31.21; H, 1.31; N, 

9.10. Found:  C, 31.00; H, 1.50; N, 8.85. IR (KBr pellet, cm-1), (CO) 2031, 1931, (CN) 2095. 1H 

NMR (DMSO, 400 MHz): δ ppm 7.8 (td, 1H, J = 6.8, 1.2) 8.40 (td, 1H, J = 8.6, 1.2 Hz), 8.91 (d, 

1H, J = 8.4 Hz), 8.94 (d, 1H, J = 3.2 Hz), 9.08 (m, 2H), 10.03 (d, 1H, J = 1.2 Hz). 
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6.2.3.8 Re(Mepzpy)(CO)3Cl (8). 

The preparation was similar to that of Re(bpz)(CO)3Cl except that 2-methyl-5-(pyridin-2-

yl)pyrazine was used in the place of 2,2’-bipyrazine.   

Color: Dark Orange, 83.0% yield. Anal. Calcd. (%) for ReC13H9O3N4Cl:  C, 32.74; H, 1.90; N, 

8.81. Found. C, 33.00; H, 2.06; N, 8.97. IR (KBr pellet, cm-1): (CO) 2028 sh, 1916 sh. 1H-NMR 

(DMSO, 400 MHz): δ ppm 7.44 (t, 1H, J = 2.4), 7.98 (t, 1H, J = 1.6Hz), 8.14 (d, 1H, J = 8.0 Hz), 

8.70 (s, 1H), 8.91 (t, 1H, J = 8.0 Hz), 9.23 (s, 1H), 2.63 (s, 3H). 

 6.2.3 9 [Re(pypz)(CO)3py]OTf (9).  

Re(pypz)(CO)3Cl (0.10 g, 0.22 mmol) was added to a clean 100 mL round-bottom flask 

with AgOTf (0.05 g, 2.22 mmol) and 20 mL of absolute ethanol and was refluxed for 6 hours. The 

gray AgCl precipitate was filtered off and 0.15 mL pyridine was added to the yellow filtered 

solution and was refluxed overnight. The round-bottom flask was placed on the rotary evaporator 

and the solution was condensed to 2 mL and then placed in the freezer overnight. The product was 

vacuum filtered and stored for characterization.  

Color: Light yellow, 65.0%. Anal. Calcd. for ReC17H12O3N4.CF3SO3: C, 33.70; H, 1.90; N, 6.55. 

Found. C, 34.28; H, 2.31; N, 7.7. IR (KBr pellet, cm-1):  (CO) 2020 sh, 1918 sh. 1H-NMR (DMSO, 

400 MHz ): (phen)  ppm 9.77 (dd, 2H, J = 0.8, 3.6 Hz), 9.21 (dd, 1H, J = 1.6, 8.6 Hz), 8.5 (s, 2H),  

8.24 (dd, 2H, J = 5.0, 8 Hz), py, 8.38 (dd, 2H, J =1.2, 5.2 Hz), 7.84 (tt, 1H, 0.5, 1.2, 6.2, 7.0 Hz), 

7.3 (dt, 2H, J = 1.0, 4.2, 6.2). 

6.2.3.10 Ru(bpz)2Cl2·2H2O (10). 

RuCl3·xH2O (0.35 g, 1.6 mmol) and of bpz (0.54 g, 3.2 mmol) were added to a 100 mL 

round-bottom flask with a magnetic stir bar. 50 mL of DMF was slowly added to the flask and 

then the flask was attached to a condenser and set to reflux for ~11 h. The solution was initially 
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black and appeared to change into purple. The purple solution was filtered hot through a glass 

funnel and 25 mL of ether was subsequently added to precipitate the desired crude product. The 

crude product was washed with ether (2×50 mL) and recrystallized from acetonitrile to yield black 

microcrystals of desired product.  

Color: Black, 85.20% Anal. Calcd (%) for RuC16H12N8Cl2·2H2O:  C, 36.65; H, 3.08; N, 21.37. 

Found.  C, 35.82; H, 3.16; N, 20.82. IR (KBr pellet cm-1): (CO) 2027 sh, 1918 sh, (CN) 2150 sh. 

1H NMR (d6-DMSO, 400 MHz): δ ppm 9.94 (d, 2H, J = 1.2 Hz), 9.18 (d, 2H, J = 4.4 Hz), 9.76 (s, 

2H ), 8.94 (d, 2H, J = 4.4 Hz), 8.20 (d, 2H, J = 4.0 Hz), 7.86 (d, 2H, J = 4.4). 

6.2.3.11 Ru(bpz)2CO3 (11). 

  Ru(bpz)2Cl2·2H2O nxH2O (0.50 g, 0.96 mmol) and potassium carbonate (1.00 g, 7.2 

mmol) were added to a 100 mL round-bottom flask with a magnetic stir bar. 30 mL of a 1:1 

ethanol/water solution was slowly added to the flask, then attached to a condenser and set to reflux 

for ~2.0 h. When the color of the solution turned from purple to black, the hot solution was filtered 

and placed in a freezer overnight. Black microcrystals of the carbonate product were collected and 

washed with water and ethanol (2×50 mL). 

Color:  Black, 85.20% Anal. Calcd (%) for RuC17H12O3N8:  C, 42.77; H, 2.53; N, 23.47. Found:  C, 

42.30; H, 2.32; N, 23.14. IR (KBr pellet cm-1): 3410 br m, 1550 s, 1642 m, 1462 m, 1426, 760 m. 

1H NMR (d6-DMSO, 400 MHz): δ ppm 9.95 (d, 2H, J = 1.2 Hz), 9.80 (d, 2H, J = 4.0 Hz), 9.77 (s, 

2H ), 8.93 (d, 2H, J = 4.4 Hz), 8.22 (d, 2H, J = 4.4 Hz), 7.85 (d, 2H, J = 4.4). 

6.2.3 .12 [Ru(bpz)2((COOH)2bpz)](PF6)2 (12). 

A portion of Ru(bpz)2CO3 (0.2 g, 0.42 mmol) was dissolved in 20 mL of methanol in a 

round-bottom flask. The resulting solution was allowed to stir under nitrogen at room temperature 

for an hour. Then an equivalent amount of trifluoromethanesulfonic (triflic) acid (0.10 mL, 0.17 
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g, 1.11 mmol) was added. Immediately the solution turned into a bunt-orange color and the 

evaluation of carbon dioxide was noticed. While the solution was allowed to stir for 4h, the reaction 

progress was monitored by using UV-visible spectroscopy until no spectral shift was observed. 

After completion of the reaction, Me2bpz (0.136 g, 0.48 mmol) was added and the solution was 

allowed to stir under reflex overnight. The solution was filtered hot, concentrated to 4 mL and a 

saturated aqueous ammonium hexafluorophospate solution was added. After the solution stood 

overnight in a refrigerator, micro crystals of [Ru(COOCH3-bpz)(bpz)2](PF6)2  had precipitated. 

The precipitate was removed by filtration, dissolved in water and placed on a cationic exchange 

chromatography column (Sephadex sp-C25, Pharmacia, 40-120 ). The compound was eluted with 

an aqueous solution of HCl (0.2M). The combined fractions were concentrated and the compound 

precipitated by adding a saturated aqueous solution of NH4PF6. It was removed by filtration and 

placed in 50 mL of a water/methanol (90:10) solution. A 2 M KOH solution was added and the 

mixture was heated to reflux overnight, cooled and concentrated by using a rotary evaporator, the 

residue was diluted with H2O (10 mL) and acidified with an aqueous solution of 3 M HCl. Aqueous 

ammonium phosphate solution was added to precipitate the desired product. 

Color: Orange, 78.00% Anal. Calcd (%) for RuC26H18O4N12P2F12:  C, 32.75; H, 1.90; N, 17.63. 

Found:  C, 32.3; H, 1.98; N, 17.2. IR (KBr pellet cm-1): 3410 br m, 1550 s, 1642 m, 1462 m, 1426, 

760 m. 1H NMR (d6-DMSO, 400 MHz): δ ppm 9.98 (d, 2H, J = 1.6 Hz), 9.83 (d, 2H, J = 1.2 Hz), 

9.80 (d, 2H, J = 1.2 Hz), 9.66 (d, 1H, J = 1.6 Hz), 9.36 (d, 1H, J = 2.0 Hz), 9.94 (d, 2H, J = 4.4), 

8.23 (d, 2H, J = 4.8 Hz), 7.87 (dd, 2H, J = 4.4, 1.2 Hz ). 
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 6.2.3.13 Ru(bpy)2CO3 (13). 

The preparation was similar to that of Ru(bpz)2CO3 except that 2,2’-bipyridine was used 

in the place of 2,2’-bipyrazine. 

Color: Black, 83.14% Anal. Calcd (%) for RuC21H16N4O3:  C, 53.27; H, 3.41; N, 11.83. Found:  C, 

52.86; H, 3.22; N, 11.14. IR (KBr pellet cm-1): 3410 br m, 1550 s, 1642 m, 1462 m, 1426, 760 m. 

1H NMR (d6-DMSO, 400 MHz): δ ppm 9.91 (d, 2H, J = 8.0 Hz), 8.59 (d, 2H, J = 5.6 Hz), 8.43 (d, 

2H J = 7.6 Hz), 8.00 (dd, 2H, J = 14.8, 7.2 Hz), 7.72 (dd, 2H, J = 12.0, 6.0 Hz), 7.64 (dd, 2H, J = 

16.4, 8.0 Hz) 7.60 (d, 2H, J = 8.0 Hz), 7.05 (dd, 2H, J = 14.0, 5.6 Hz). 

6.2.3 .14 [Ru(bpy)2((COOH)2bpy)](PF6)2 (14). 

A portion of Ru(bpy)2CO3 (0.2 g, 0.42 mmol) was dissolved in 20 mL of methanol in a  

100 mL round-bottom flask. The resulting solution was allowed to stir under nitrogen at room 

temperature for one hour. Then an equivalent amount of triflic acid (0.17 g, 1.11 mmol) was added. 

Immediately the solution turned into a bunt-orange color and the evolution of carbon dioxide was 

noticed. While the solution was allowed to stir for 4h, the reaction progress was monitored by 

using UV-visible spectroscopy until no spectral shift observed. After completion of the reaction, 

4,4’-dicarboxy-2,2’-bipyridine (0.134 g, 0.54 mml) was added and the solution was allowed to stir 

under reflex for overnight. The solution was filtered hot, concentrated to ~4 mL and a saturated 

aqueous ammonium hexafluorophospate was added. After the solution stood overnight in a 

refrigerator, micro crystals of [Ru((COOH)2bpy)(bpy)2](PF6)2 formed. 

Color: Orange, 85.20% Anal. Calcd (%) for RuC32H24O4N6P2F12:  C, 40.56; H, 2.55; N, 8.87. 

Found:  C, 39.86; H, 2.34; N, 8.42. IR (KBr pellet cm-1): 3410 br m, 1550 s, 1642 m, 1462 m, 

1426, 760 m. 1H NMR (d6-DMSO, 400 MHz): δ ppm 9.92 (d, 1H, J = 4.8 Hz), 9.10 (d, 1H, J = 

5.6 Hz), 8.78 (dd, 1H J = 12.0, 8.0 Hz), 8.67 (dd, 2H, J = 12.00, 5.2 Hz), 8.64 (dd, 2H, J = 12.0, 
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5.6 Hz), 8.60 (dd, 2H, J = 12.0, 5.6 Hz), 8.43 (dd, 1H, J =8.0 Hz) 8.22 (dd, 1H, J = 8.0, 2.4 Hz), 

8.04 (dd, 1H, J = 14.0, 5.6 Hz), 7.88 (d, 1H, J = 8.0 Hz), 7.71 (d, 1H, J = 5.6 Hz), 7.73 (d, 1H, J = 

5.6 Hz), 7.65 (dd, 1H J = 12.0, 8.0 Hz), 7.51 (dd, 1H, J = 12.0, 5.6 Hz), 7.27 (m, 2H), 7.73 (d, 1H, 

J = 5.6 Hz), 7.07 (dd, 1H J = 12.0, 8.0 Hz), 7.04 (dd, 1H, J = 12.00, 5.2 Hz). 
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6.3 Results and Discussion:  

 
Scheme 6.2 Synthetic route for series of Re(I) complexes 
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6.3.1 Synthesis 

Rhenium(I) complexes 1-6 were synthesized as shown in Scheme 6.2 by reacting 

stoichiometric amounts of Re(CO)5Cl and 2,2’-bipyrazine derivatives. Complex (1) was generated 

using the bidentate unsubstituted 2,2’-bipyrazine ligand. Similarly, complexes 2-6 were produced 

by utilizing the bidentate ligands 5-methyl-2,2’-bipyrazine, 5,5’-dimethyl-2,2’-bipyrazine, 

dimethyl-2,2'-bipyrazine-5,5'-dicarboxylate (5,5’-(COOCH3)2bpz), diethyl-2,2'-bipyrazine-5,5'-

dicarbo-xylate (5,5’-(COOC2H5)2bpz), and 2,2’-bipyrazine-5,5’-dicarboxylic acid (5,5’-

(COOH)2bpz) respectively. Further, rhenium(I) complexes 7 and 8 were obtained with ligands 2-

(pyridin-2-yl) pyrazine, 2-methyl-5-(pyridine-2-yl) pyrazine, respectively. Complex 7 was further 

treated with silver trifluoromethanesulfonate (AgOTf) and pyridine to generate the complex 9. All 

of the Re(I) complexes were characterized by 1H NMR, IR spectroscopy, and elemental analysis 

before measuring their photophysical properties. 

  

Scheme 6.3 Synthetic route for series of Re(I) complexes 
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Complex 10 was synthesized by refluxing RuCl3 and 2,2’-bipyrazine (bpz) in DMF. Ru(bpz)2CO3 

(11) was generated from Ru(bpy)2Cl2·H2O by reacting it with K2CO3. Complex 12 was obtained 

by decarboxylation of 11 with triflic acid, addition of ligand 5,5’-(COOCH3)2bpz, to give 

intermediate [[Ru(COOCH3)2bpz)(bpz)2](PF6)2] which was deesterified by base hydrolysis using 

KOH (Scheme 6.3). 

 
Scheme 6.4 Synthetic route for the Ru(II) complex with 5,5'-dicarboxy bipyrindine 

As illustrated in Scheme 6.4, the synthesis of Ru(II) complex 13 was obtained by 

carboxylation of Ru(bpy)2Cl2·H2O using K2CO3 in EtOH and H2O. Further treatment of 13 with 

triflic acid and 4,4’-(COOH)2-bpy yielded the Ru dicarboxy bipyridine intermediate complex 

which was reacted with NH4PF6 in water to produce complex 14. 
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6.3.2 Absorption and Emission properties 

6.3.2.1 Absorption  

The electronic properties of the Re(I) tricarbonyl complexes containing bipyrazine 

derivatives were recorded using acetonitrile as a solvent at room temperature. The values were 

tabulated in Table 6.1. 

Table 6. 1 UV/Visible spectra for Re(I) series complexes 1-10. MLCT = metal-to-ligand charge 
transfer; LC= ligand-centered; Subscripts denote the major contributing moiety 

 

Compounds 
MLCT 

λabs
a (ε, M-1cm-1) 

LC (π-π*) 

λabs
a (ε, M-1cm-1) 

LC (π-π*) 

λabs
a (ε, M-1cm-1) 

Re(bpz)(CO)3Cl (1) 426 (2913) 310 (22590) 

 

230 (19667) 

Re(Mebpz)(CO)3Cl (2) 414 (3420) 350 (12132) 

 

336 (12612) 

246 (12446) 

Re(Me2bpz)(CO)3Cl (3) 410 (3366) 350 (12132) 

 

336 (12612) 

246 (12446) 

Re((COOCH3)2bpz)(CO)3Cl* 

(4) 

478 (3021) 324 (25961) 

 

248 (20992) 

Re((COOH)2bpz)(CO)3Cl (5) 476 (3119) 324 (16247) 

 

248 (17921) 

Re(pypz)(CO)3Cl 406 (3082) 308 (12406 296 (17646) 

Re(me-pzpy)(CO)3Cl 406 (3173) 300 (16482) 290 (16846) 

[Re(pypz)(CO)3py]OTf 396 (3630) 306 (13644) 294 (19642) 
a in acetonitrile (experiment)  
*compound 4 and 5 shown very similar properties 
 

The absorption coefficients were obtained from Beer's Law studies which were determined 

from at least five points. The transitions at higher energies with high molar extinction coefficients 

were attributed to the bipyrazine derivatives →transitions which were located in the 230 nm 
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to 350 nm range. The band in the lower energy (396 nm to 490 nm) region showed the typical 

metal-to-ligand charge transfer (MLCT) due to the d → transitions consistent with transitions 

from Re(I) to the coordinated bipyrazine derivatives systems.24, 25 

 
Figure 6.1 Comparison of absorption spectra of Re(I)-bpz derivatives complexes 1-5 in 
acetonitrile: ─ Re(bpz)(CO)3Cl; ─ Re(Mebpz)(CO)3Cl; ─ Re(Me2bpz)(CO)3Cl; 
Re((COOCH3)2-bpz)(CO)3Cl; ─ Re((COOH)2bpz)(CO)3Cl 

 
The UV/Vis spectra are shown in Figure 6.1 and 6.2. Absorption coefficients for the 

complexes range from 2913– 3630 M-1cm-1 for the MLCT region and from 12000 – 23000 M-1cm-

1 for the region. For complexes 1-5, the dMLCT absorption maxima varied due to 

substituted functional group on bpz ligand in the 5,5’ positions. As the number of number of 

electron donating groups increased on bpz, the complexes absorbed at higher energy. For example, 

Re(I) bpz complex 3, which has two methyl groups on 5,5’ positions, absorbs higher in energy 

than the others. The MLCT absorption maxima in cm-1 of the complexes 1-5 falls in the order from 

the highest to the lowest energy: 3 > 2 > 1> 5 > 4. 
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Figure 6.2 Absorption spectra of Re(I) complexes: ─ Re(bpz)(CO)3Cl; ─ Re(pzpy)(CO)3Cl; 
 ─ Re(bpy)(CO)3Cl. 
 

As shown in Figure 6.2, the dMLCT maxima for Re(bpz), Re(pzpy), and Re(bpy) 

shifts from lower to higher energy. Interestingly, as the number of nitrogen atoms increase in the 

heterocyclic ligand, the complexes absorbed at lower energy. This indicates the energy gap 

between the denergy level decreases.49,61 The MLCT absorption maxima of the complexes 

fall in the order from the highest to the lowest energy: Re(bpy)(CO)3Cl > Re(pzpy)(CO)3Cl > 

Re(bpz)(CO)3Cl.  

Figure 6.3 shows absorption spectra for [Ru(bpz)2((COOH)2bpz)]+2 and 

[Ru(bpy)2((COOH)2bpy)]+2; their absorption band positions and their extinction coefficients are 

tabulated in Table 6.2. The absorption band of [Ru(bpz)2((COOH)2bpz)]+2 is red-shifted and is 

broad compared to [Ru(bpy)2((COOH)2bpy)]+2. The absorption band for both complexes in the V 

region shows little variation in energy.  
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Figure 6.3 Comparison of absorption spectra of Ru(II) complexes, ─ [Ru(bpy)2dcbpy] (PF6)2; a 
─ [Ru(bpz)2((dcbpz)]2(PF6) 

 
Table 6.2 UV/Visible spectra for Ru(II) complexes 12, 14. MLCT = metal-to-ligand charge 
transfer; LC= ligand-centered; Subscripts denote the major contributing moiety 

 

Compounds 
MLCT (ε) 

λabs
a (ε, M-1cm-1) 

LC (π-π*) 

λabs
a (ε, M-1cm-1) 

[Ru(bpz)2((COOH)2bpz)]+2 490 (11240) 300 (36446) 

[Ru(bpy)2((COOH)2bpy)]+2 460 (12406) 290 (39454) 
a in ethanol and methanol (1:4)  
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6.3.2.2 Emission properties. 

The emission quantum yields were obtained in acetonitrile at room temperature conditions. 

The standard reference used for this experiment was ruthenium(II) tris-bipyridine 

hexafluorophosphate, Ru(bpy)3(PF6)2. All data were calculated using equation 6.1; where φx is the 

experimental emission quantum yield of the sample, Astd and Ax are absorbance of the standard 

and the sample, Istd and Ix are the emission intensities of the standard and the sample respectively 

while φstd is the reported emission quantum yield of the standard (φ[Ru(bpy)2]
2+ = 0.042 in 

acetonitrile,94 φ[Ru(bpy)2]
2+ = 0.089 in 4:1 (v/v) Ethanol/Methanol).44 

 
φx = (Astd / Ax) (Ix / Istd) φstd          6.1 

 
Table 6.3 Emission maxima and emission quantum yields for Re(I) complexes in acetonitrile at 
room temperature 

 
Compounds λem

a, nm QY (φ × 10-2) τ, ns 

Re(bpz)(CO)3Cl (1) 700 0.22 3.06 

Re(Mebpz)(CO)3Cl (2) 675 0.40 0.19 

Re(Me2bpz)(CO)3Cl (3) 660 0.10 0.64 

Re(pypz)(CO)3Cl (7) 672 0.30 2.08 

Re(me-pzpy)(CO)3Cl (8) 670 0.40 12.36 

[Re(pypz)(CO)3py]OTf (9) 612 3.00 33.60 
a λex at MLCT maxima 
 

The emission data of Re(I) complexes are listed in Table 6.3. The normalized emission 

spectra of Re(I) complexes are shown in Figure 6.4. Optical excitation at MLCT maxima of 

[Re(pypz)(CO)3py]OTf resulted to fluorescence emission at 612 nm with quantum yield, φem of 

3.0 × 10-2. The remaining complexes showed low quantum yields compared to Ru(bpy)+2.16 
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Complex 1 showed an emission maximum at 700 nm, with a quantum yield of 2.2 × 10-3. 

Complexes 2 and 3 were blue shifted with respect to 1 and have emission maxima at 675 nm and 

660 nm, respectively. The emission maxima of complexes 7 and 8 were both at 670 nm. All Re(I) 

bpz derivatives showed short life times between 0.19 to 33.6 ns compared to Re(I)-phen complexes 

which ranged from 200-400 ns. The Re(I) complexes with pyridine in the coordination sphere 

showed longer lifetimes than those containing chloride in the coordination sphere. 

 

Figure 6.4 Comparison of normalized emission spectra for (a) Re(L-L)(CO)3Cl derivatives (L-L 
= bpz, Mebpz, Me2bpz), ─ Re(bpz)(CO)3Cl; ─ Re(Mebpz)(CO)3Cl; ─ Re(Me2bpz)(CO)3Cl and 
(b) comparison of normalized emission spectra of Re(L-L)(CO)3Cl complexes, where L-L is 
pypz, Mepzpy,  ─ Re(pypz)(CO)3Cl; ─ Re(mepzpy)(CO)3Cl;  ─ Re(pypz)(CO)3Cl 
  

The emission spectra for[Ru(bpy)2((COOH)2bpy)]+2 and [Ru(bpz)2((COOH)2bpz)]+2 were 

obtained at room temperature in 4:1 EtOH/MeOH. Their emission maxima are listed in Table 6.4 

along with emission quantum yields and emission lifetimes and their spectra are shown in Figure 

5. Optical excitation at MLCT maxima of [Ru(bpy)2dcbpy] (PF6)2 resulted to fluorescence 

emission at 626 nm with quantum yield, φem of 2.60 × 10-2. [Ru(bpz)2dcbpz] (PF6)2 complex 

showed an emission maximum at 700 nm, with weak quantum yield of 0.06 × 10-3.  
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Table 6.4 Emission maxima and emission quantum yields of complexes 12, 14 in 4:1 (v/v) 
ethanol/methanol at room temperature. 

Compounds λem
a, nm QY (φ × 10-3) τ, ns 

 

[Ru(bpz)2((COOH)2bpz)]+2 690 0.06 na 

[Ru(bpy)2((COOH)2bpy)]+2 626 26.0 112.12 
a λex at MLCT maxima 
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Figure 6.5 The emission spectra of ─ [Ru(bpy)2dcbpy](PF6)2 

 
6.4 Conclusion.  

Several Re(I) complexes containing various ligands, 2,2’-bipyrazine (bpz), 5-methyl-2,2’-

bipyrazine (mbpz), 5,5’-dimethyl-2,2’-bipyrazine(dmbpz), 5,5’-dicarboxy-2,2’-bipyrazine 

(dcbpz), dimethyl (2,2'-bipyrazine)-5,5'-dicarboxylate (dmcbpz), and 2-(pyridin-2-yl)pyrazine 

(pypz), and Ru(II) complexes have been described. Synthesis, spectroscopic studies were 

performed and analyzed. The Re(I) complexes absorb in the near visible/UV region of the spectrum 

and emit near 600 nm when excited into the lowest energy absorption band. The Re(I) complexes 

with pyridine in the coordination sphere showed longer lifetimes than those containing chloride in 
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the coordination sphere. The absorption band of Ru-bpz is red-shifted and is broad compared to 

Ru(II)bpy. The absorption band for both complexes in the visible region shows little variation in 

energy. 
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CHAPTER 7 

APPLICATIONS 
 

 
7.1 Introduction 

A large number of diimine ligand derivatives have been synthesized and ligated with Re(I) 

and Ru(II) metal centers with the goal of enhancing the photophysics of excited state electron or 

energy transfer for application to chemical systems. Mainly these rhenium(I) complexes have been 

studied for their photophysical properties.112,149–152 Some have found application in catalytic 

reduction of CO2 to CO,149,153–156 solar energy conversion,150,157–159 colorimetric analysis,160 

fluorophores for biological applications,161,162 light emitting diodes163 and in photoelectrochemical 

cells.164,165  

Interestingly, prolonged fluorescence decay times observed for Re(I) complexes allow 

them to be distinguished from autofluorescence of the biological substances, a draw-back of 

various well-known fluorescent probes.137 More importantly, the greater Stoke’s shifts and high 

photochemical stability of these ruthenium(I) complexes provide an opportunity to suppress the 

probe–probe overlapping which allows staining different subcellular components at the same time. 

Furthermore, microsecond timescale experiments on molecular dynamics are allowed due to 

polarized emission ability of such rhenium(I) metal complexes. 

In recent reports, the metal-to-ligand charge transfer (MLCT) transitions originated 

luminescent properties of various rhenium(I) complexes have extensively explored.123,136 For 

example, Lo et al. reported rhenium(I) polypyridine complexes which exhibit triplet metal-to-

ligand charge transfer (3MLCT) emission.166 In this regard, the luminescent d6 transition metal 

complexes have been investigated due to their adaptable photophysical and photochemical 

properties. Mostly they exhibited emission with relatively large stokes shifts, extended lifetimes 
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and higher quantum yields.11 Further these dyes can be used in Grätzel cell for energy conversion 

as shown as Figure 7.1. 

 

Figure 7.1 A Schematic illustration of dye-sensitized solar cell. The anode of a DSSC consists of 
a glass plate which is coated with a transparent conductive fluorine doped tin oxide. The dye is 
attached to anodic side when the sunlight passed through it. The tri-iodide electrolyte is used 
between the two electrodes  

We have studied the behavior of two different types of rhenium dyes in dye sensitized solar 

cells, Re(dcbpy)(CO)3X, X = I–, Br–, Cl–, SCN–, CN–, F– and Re(5-COOH-phen)(CO)3X, X = Cl 

and the isonicotinate anion. The results of these studies is outlined below. 

7.2 Experimental 

7.2.1 Materials  

Fluorine-doped tin oxide glass (Sigma-Aldrich), TiCl4 (Acros Organics), Dyesol 18NR-

AO TiO2 paste (Sigma-Aldrich), Surlyn gasket and platinum coated fluorine-doped tin oxide 

glass were purchased from Solaronix. Pt coated fluorine –doped tin oxide electrode, Dyesol EL-
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HPE High Performance Electrolyte (Sigma-Aldrich), absolute ethanol from AAPER Chemical 

Company. 

7.2.2 Measurements 

Light of an intensity of 33 mW/cm2 from a xenon lamp equipped with an AM 1.5 G filter 

was shown on the solar cells. A Newport 1918-r power meter with a calibrated silicon reference 

electrode with a Princeton Applied Research model 263A is used to test the efficiency of the cells. 

7.2.3 Preparation of Solar Cells 

The dye-sensitized solar cells were prepared as follows. Pieces of fluorine-doped tin oxide 

glass were cleaned and then put in an approximately 60 millimolar solution of TiCl4 in water at 70 

oC for 30 minutes. Then they were coated with dyesol TiO2 paste. To apply the adhesive, the 

doctor-blade technique was used with hole-punched Scotch brand tape serving as a mask. The 

pieces were heated in a muffle furnace at 70 oC to dry, then heated to 500 oC at 5 oC/min. Then 

they were treated in TiCl4 solution for the second time, then heated to 450 oC at 5 oC/min, then 

allowed to cool to approximately 100 oC, at which point they were placed in dye solutions. The 

dye solution was at a concentration of roughly 0.1 millimolar in absolute ethanol. After 20-24 

hours the dyed titanium dioxide electrodes were taken out of the dye solutions. To assemble the 

cells, a Dupont Surlyn gasket was used to seal the titanium dioxide electrode to a platinum coated 

fluorine-doped tin oxide glass. The cell was filled with EL-HPE High-Performance Electrolyte by 

vacuum back-filling through a hole in the platinum electrode, and then the hole was sealed.  

7.3 Cell Performance 

The performance of solar cells includes the following: IPCE (Incident Photon to Current 

Efficiency or Quantum Efficiency), Isc (short circuit current), Voc (open circuit voltage), FF (fill-

factor) and h (power conversion efficiency).  The current-voltage curve for each cell was 
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measured by exposing the cells to light of an intensity of 33 mW/cm2 from a xenon lamp equipped 

with an AM 1.5 G filter. A Newport 1918-r power meter with a calibrated silicon reference 

electrode with a Princeton Applied Research model 263A is used to test the efficiency of the cells.  

7.3.1 Re(dcbpy)(CO)3X, X = I–, Br–, Cl–, SCN–, CN–, F–, Dyes 

The synthesis and photo physical properties of a series of rhenium(I) tricarbonyl complexes 

containing 4,4'-dicarboxy-2,2'-bipyridine (dcbpy) with various halide or pseudohalide ligands are 

described in Chapter 3. Where the complexes are Re(dcbpy)(CO)3I (1), Re(dcbpy)(CO)3Br (2), 

Re(dcbpy)(CO)3Cl (3), Re(dcbpy)(CO)3SCN (4), Re(dcbpy)(CO)3CN (5), and Re(dcbpy)(CO)3F 

(6) 

The incident photon to current efficiency (IPCE) of the dyes 1-6 is presented in Figure 7.2 

a. The IPCE was measured using Oriel IPCE measurement Kit, and each cell was scanned from 

400 nm to 600 nm at 1000 milliseconds per point. In the IPCE data as well as in the absorption 

data of the films, we observe a modulation of the curves from 530 nm onward, which can be 

explained by interference effects. For the Dyes, 1 and 3, the IPCE reached 40% in a spectral range 

from 400 to 500 nm. The remaining complexes, 2, 4, 5 and 6, showed minimum IPCE values of 

30%.  

Dye-sensitized solar cells were prepared by standard methods and tested under AM1.5 

radiation.167 The data for these parameters are listed in Table 7.1. 
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Table 7.1 Summary of J-V data for Re(dcbpy)(CO)3X. X = I–, Br–, Cl–, SCN–, CN–, F–. 

 
Dye JSC/mAcm-2 VOC/V FF/% Efficiency/% 

Re(dcbpy)(CO)3I 0.71 0.48 0.71 0.71 

Re(dcbpy)(CO)3Br 0.60 0.49 0.72 0.60 

Re(dcbpy)(CO)3Cl 0.63 0.49 0.72 0.66 

Re(dcbpy)(CO)3SCN 0.53 0.46 0.72 0.52 

Re(dcbpy)(CO)3CN 0.30 0.42 0.66 0.25 

Re(dcbpy)(CO)3F 0.39 0.45 0.68 0.35 

N3 Dye 3.3 0.48 0.71 4.4 
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Figure 7.2 a) Incident photon to current efficiency for Re(dcbpy)(CO)3X, X = ─ I (1), ─ Br 

(2), ─ Cl (3), ─ SCN (4), ─ CN (5), ─ F (6). b) Current-voltage curves for 
Re(dcbpy)(CO)3X. X = ─ I (1), ─ Br (2), ─ Cl (3), ─ SCN (4), ─ CN (5), ─ F (6) 

 
The Re(I) complexes showed very poor power-conversion efficiency of <1%. The J-V data 

of Re(I) dyes are summarized in Table 7.2 and the J-V curves in light and in dark are shown in 

Figure 7.2 b. The short-circuit current densities (JSC) for Re(dcbpy)(CO)3I (0.71 mAcm-2 cm-2) and 

for Re(dcbpy)(CO)3Cl (10.9mA cm-2) are higher than for the other complexes. The current 

efficiency of the Re(I) series from higher to lower is: I– > Cl– > Br– > SCN– > CN– >F–; the same 
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trend observed for IPCE values for the series of complexes. The attached dyes to TiO2 showed 

minimum photon to current conversion. 

Table 7.2 Summary of J-V data for Re(dcbpy)(CO)3X. X = I–, Br–, Cl–, SCN–, CN–, F–  

Dye JSC/mAcm-2 VOC/V FF/% Efficiency/% 
Re(dcbpy)(CO)3I 0.71 0.48 0.71 0.71 

Re(dcbpy)(CO)3Br 0.60 0.49 0.72 0.60 

Re(dcbpy)(CO)3Cl 0.63 0.49 0.72 0.66 

Re(dcbpy)(CO)3SCN 0.53 0.46 0.72 0.52 

Re(dcbpy)(CO)3CN 0.30 0.42 0.66 0.25 

Re(dcbpy)(CO)3F 0.39 0.45 0.68 0.35 

N3 Dye 3.3 0.48 0.71 4.4 

 

Dye-sensitized solar cells were prepared by standard methods and tested under AM1.5 

radiation and the commercial dye, N719, was used for a comparison studies. Surprisingly, the Re(I) 

complexes showed very poor power-conversion efficiency of <1%. The J-V data of Re(I) dyes are 

summarized in Table 7.2 and the J-V curves in light and in dark are shown in Figure 7.2 b. The 

short-circuit current densities (JSC) for Re(dcbpy)(CO)3I (0.71 mAcm-2 cm-2) and for 

Re(dcbpy)(CO)3Cl (10.9mA cm-2) are higher than for the other complexes. The current efficiency 

of the Re(I) series from higher to lower is followed I– > Cl– > Br– > SCN– > CN– >F–, and also 

observed the same trend for IPCE for all Re(I) series complexes. The dyes are attached to TiO2 

easily and showed minimum amount of photon to current conversation.  

7.3.2 Re(5-COOH-phen)(CO)3X Dyes 

The synthesis and photophysical properties of Re(5-COOH-phen)(CO)3Cl (4), 

Re(dafo)(CO)3(Isonicotinate)]+ (9) and Re(9-Mdafo)(CO)3Cl (10) were given in Chapter 4. The 

incident photon to current efficiency (IPCE) of the 4, 9, 10 dyes is presented in the Figure 7.3 b. 

The IPCE were measured using the Oriel IPCE measurement Kit, and each cell was scanned from 

400 nm to 800 nm intervals at 1000 milliseconds per point. In the IPCE data as well as in the 
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absorption data of the films, we observe a modulation of the curves from 480 nm onward, which 

can be explained by interference effects. For complex 4, the IPCE reached 30% in a short spectral 

range from 350 to 450 nm; the remaining complexes, 9, 10 showed IPCE values of 20 %.        

 

 

                                          a                                                  b 

Figure 7.3 a) Incident photon to current efficiency for Re(I) phen complexes with comparing N3 
Dye, ─ N3 Dye;  ─ Re(5-COOH-phen)(CO)3Cl (4); ─ Re(dafo)(CO)3(Isonicotinate)]+ (9);   
 ─ Re(9-Mdafo)(CO)3Cl (10); b) Photocurrent density-voltage characteristics under AM 1.5 full 
sunlight (100 mW cm-2) for complexes ─ Re(5-COOH-phen)(CO)3Cl(4); ─ Re(dafo)(CO)3- 

(Isonicotinate) ]+ (9); ─ Re(9-Mdafo)(CO)3Cl (10) 
  

Table 7.3 Photovoltaic performance for cells based on I-/I3- electrolyte under AM 1.5 
illumination for Re(I) complexes 4, 9, 10. 

Dye JSC/mACM-2 VOC/V FF/% Efficiency/% 
Re(5-COOH-phen)(CO)3Cl 0.30 00.47 0.71 0.30 
[Re(dafo)(CO)3(4-COOH-py)]+ 0.16 0.42 0.64 0.12 

Re(9-Mdafo)(CO)3Cl 0.070 0.40 0.61 0.051 

 

Dye-sensitized solar cells were prepared by standard methods and tested under AM1.5 

radiation and the commercial dye, N719, was used for a comparison studies. The Re(I) complexes 

showed very poor power-conversion efficiency of <1%. The photocurrent density-voltage data of 

Re(I) dyes are summarized in Table 7.3 and the J-V curves in light and in dark are shown in Figure 
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7.3 b. The short-circuit current densities (JSC) of Re(5-COOH-phen)(CO)3Cl is higher than all other 

complexes. The incident to photon current efficiencies of the Re(I) series from higher to lower are 

4 > 9 > 10. 

7.4 Conclusion 

The Re(I) complexes absorb in the near visible/UV region of the spectrum and the incident 

photon to current efficiency (IPCE) of the dyes reached up to 40%. All developed complexes have 

enough driving force to inject the electrons from the excited state sensitizers to the TiO2 

semiconductor. We found iodo and chloro both have wide absorption bands in the visible region 

and have better charge-transfer abilities with providing near 1% efficiency. In conclusion, the 

corresponding complexes are taken as better sensitizers than other designed complexes by 

changing the number and position of COOH group on ligand. We expect that our present work can 

provide the inputs to get more suitable dyes in an efficient and low-cost DSSC. 
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