
ABSTRACT 

ALAMEH , REEM T. Spectroscopic and Electrocatalytic Investigations of Rhenium(I) 

Complexes. (Under the direction of Prof. Felix N. Castellano). 

 

As the world continues to be concerned with the limited amount of fossil fuel reserves left 

for consumption, a search for renewable energy resources which can produce transportable fuels 

remains an interest. That, combined with rising atmospheric CO2 concentrations, urges the 

research community to learn from a plant on how to use an abundant energy source, like sunlight, 

to accomplish high energy requiring reactions or applications, including CO2 reduction. As a 

result, rhenium(I) complexes have been widely investigated for light harvesting applications and 

CO2 reduction catalysis. Researchers continue to tune the structures of rhenium(I) complexes to 

enhance their performance, whether as CO2 reduction catalysts or as light harvesters for various 

applications. Chapter 1 presents the fundamentals needed to engineer modifications and enhance 

performance. Chapter 2 studies the use of rhenium(I) bis-diimine dicarbonyl complexes for the 

CO2 electrocatalysis with formate being the targeted product. Chapter 3 dives into the 

photophysical properties of an emerging class of rhenium(I) complexes bearing 4,5-diazafluorene 

based ligands. Chapter 4 presents diverse in-progress spectroscopic applications to either 

investigate rhenium(I) complexes for pH sensing applications or to understand certain light 

activated mechanisms that guide the way to enhance light harvesting properties. 

  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2025 by Reem T. Alameh 

All Rights Reserved



Spectroscopic and Electrocatalytic Investigations of Rhenium(I) Complexes 

 

 

 

 

by 

Reem Tarek Alameh 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Chemistry 

 

 

 

Raleigh, North Carolina 

2025 

 

 

 

APPROVED BY: 

 

 

 

_______________________________                       _______________________________ 

Felix N. Castellano                         Elena Jakubikova 

Committee Chair 

 

 

_______________________________                       _______________________________ 

David Shultz                        Thomas Theis 



 

ii  

 

DEDICATION  

To Allah Almighty, 

my Creator, my Provider, 

Who allowed me to learn from His creation, 

ñIndeed, in the creation of the heavens and the earth and the alternation of the day and night 

there are signs for people of reason.ò (Quran 3:190) 

ñSurely my prayer, my sacrifice, my life, and my death are all for AllahðLord of all worlds.ò 

(Quran 6:162) 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii  

 

BIOGRAPHY  

Reem Alameh is a servant of Allah Almighty. She was born to Tarek Alameh and Maya 

Saati in Beirut, Lebanon. She is the younger sister of Ahmad Alameh and the proud wife of Bilal 

Awkal. Reem grew up in a combination of Arab countries, finally going back home and attending 

high school at Al-Iman School in Beirut, Lebanon. During high school, she noticed her passion for 

reasoning and problem-solving in the areas of chemistry and physics, as well as for teaching, which 

led her to obtain a BS in Chemistry from the Lebanese American University in 2020. Towards the 

end of her BS degree, Dr. Ahmad Houri and Dr. Rony Khnayzer advised her to apply to graduate 

school at North Carolina State University. Due to her love for studying one of the tiniest creations, 

the electron, and its different behaviors after excitement, she joined Prof. Felix N. Castellanoôs 

lab. She spent half of her doctoral journey electrifying solutions filled with the CO2 crisis and the 

other half exciting molecules with a bunch of funny lasers. 



 

iv 

 

ACKNOWLEDGMENTS  

ñHe who does not thank the people is not thankful to Allah.ò  

ï Prophet Muhammad PBUH (Sunan Abi Dawud 4811) 

 

To everyone who had a protonôs worth of contribution and support, thank you! 

 

To my advisor Prof. Felix N. Castellano, thank you for your support as I navigated through 

the ups and downs of my life and research during this five-year chapter. You have always been 

understanding, easy-going, and cheerful! I will not forget your leniency and compassion during 

my lowest points. I appreciate you for granting me autonomy in my research and for continuously 

showing me my strengths. 

Prof. Elena Jakubikova, thank you for your collaboration and service on my committee. I 

would like to extend my gratitude to all of my committee members, Prof. David Shultz, Prof. 

Thomas Theis, and Prof. Carli Arendt. 

Thank you to all of my collaborators at the Center for Hybrid Approaches in Solar Energy 

to Liquid Fuels (CHASE), especially Prof. Alexander Miller at the University of North Carolina 

(UNC), for the amazing science that they taught me. 

To my colleagues at the Castellano lab, past and present, thank you for all of the great 

moments, support, and collaborations you offered during these years. Dr. Hala Atallah, special 

thanks to you for mentoring me in my first year. Sarah Arteta, thank you for crying with me over 

my failures and for saving my electrocatalysis project with your lovely additives. Kritika Sharma, 

thanks for making my fifth year joyful, being the best mentee, and for making me realize my 



 

v 

 

teaching strengths once again after a deep dive in research. Dr. Anna Bonfiglio, thank you for 

being the sincere person you are and adding joy to my lab experience; I already miss you! 

To my undergraduate advisors, Dr. Ahmad Houri and Dr. Rony Khnayzer, thank you for 

your help and guidance. Thank you for being the initial reason for me typing this dissertation right 

now. 

To my parents, Tarek Alameh and Maya Saati, I can never thank you enough for what you 

have done for me. Thank you for being the best parents, for helping me grow to who I am now, 

for the endless support you provided during my PhD and before, and for the countless nights you 

preferred my phone call over your sleep. You were the backbone that held me through the first 

half of this journey. 

To Rola Badawi and Nadim Kaakati, thank you for being my home away from home. 

Thank you for every little piece of support you have given me since day one of this journey. Thank 

you for the wonderful moments and happy weekends that I will never forget. Thank you and your 

family for everything. 

Last but not least, to my charming husband, Bilal Awkal, who suddenly appeared halfway 

through my PhD, thank you! Thank you for appearing at the right time, when I needed a back to 

lean on. Thank you for all of the sacrifices you made to make writing this dissertation possible. 

Thank you for being the best husband and for listening to my ranting without getting bored. Thank 

you for the jokes and the unforgettable moments. Thank you for helping me regrow after I lost 

myself. Thank you for choosing to spend your life with me even though we met at my lowest 

points. I appreciate all you have done for me! Thank you for your unconditional love. 

  



 

vi 

 

TABLE OF CONTENTS  

 

LIST OF TABLES ...................................................................................................................... viii  

LIST OF FIGURES ...................................................................................................................... ix  

LIST OF SCHEMES.................................................................................................................. xvii   

Chapter 1: Spectroscopy, Electrochemistry, and Spectroelectrochemistry .................................... 1 

1.1. Spectroscopy ........................................................................................................................ 1 

1.1.1. Light Absorption ........................................................................................................... 2 

1.1.2. Photophysical Deactivation Pathways .......................................................................... 7 

1.1.3. Infrared Absorption Spectroscopy .............................................................................. 11 

1.1.4. Effects of Structure on Photophysics: Energy Gap Law ............................................ 16 

1.2. Electrocatalysis .................................................................................................................. 17 

1.2.1. General Scheme of an Electrocatalytic Reaction ........................................................ 17 

1.2.2. Fundamentals of Voltammetry ................................................................................... 19 

1.2.3. Cyclic Voltammetry .................................................................................................... 23 

1.2.4. Bulk Electrolysis ......................................................................................................... 28 

1.3. Infrared Spectroelectrochemistry for Mechanistic Studies ................................................ 31 

1.4. References .......................................................................................................................... 35 

Chapter 2: A Rhenium Bis-Tetramethylphenanthroline Catalyst for CO2 Reduction to 

Formate ......................................................................................................................................... 37 

2.1. Abstract .............................................................................................................................. 37 

2.2. Introduction ........................................................................................................................ 38 

2.3. Results and Discussion ...................................................................................................... 40 

2.3.1. Catalytic Activity Assessments................................................................................... 40 

2.3.2. Mechanistic Studies .................................................................................................... 46 

2.4. Conclusions ........................................................................................................................ 51 

2.5. Acknowledgements ............................................................................................................ 51 

2.6. Supporting Information ...................................................................................................... 52 

2.6.1. Experimental Section .................................................................................................. 52 

2.6.2. Cyclic Voltammograms (CVs) ................................................................................... 59 

2.6.3. Spectra for Product Analysis of CPE Samples ........................................................... 61 

2.6.4. Miscellaneous Data ..................................................................................................... 69 

2.6.5. Computational Data .................................................................................................... 70 

2.7. References .......................................................................................................................... 74 

Chapter 3: Photophysical and Time-resolved Infrared Properties of Long-Lived Rhenium(I) 

4,5-Diazafluorene Tricarbonyl Chromophores ............................................................................. 79 



 

vii  

 

3.1. Abstract .............................................................................................................................. 79 

3.2. Introduction ........................................................................................................................ 80 

3.3. Results and Discussion ...................................................................................................... 82 

3.3.1. Synthesis and Characterization ................................................................................... 82 

3.3.2. Electrochemistry ......................................................................................................... 85 

3.3.3. Electronic Absorption and Photoluminescence Properties ......................................... 86 

3.3.4. Nanosecond Transient Absorption Spectra ................................................................. 90 

3.3.5. Adherence to the Energy Gap Law ............................................................................. 94 

3.4. Conclusion ......................................................................................................................... 96 

3.5. Acknowledgements ............................................................................................................ 97 

3.6. Supporting Information ...................................................................................................... 97 

3.6.1. Experimental ............................................................................................................... 97 

3.6.2. Figures....................................................................................................................... 107 

3.6.3. Computational Results .............................................................................................. 144 

3.7. References ........................................................................................................................ 226 

Chapter 4: Spectroscopic Applications of Rhenium(I) Tricarbonyl Complexes ........................ 232 

4.1. Rhenium(I) Complexes Bearing 4,5-Diazafluorene Ligands for pH Sensing ................. 232 

4.1.1. Introduction ............................................................................................................... 232 

4.1.2. Experimental ............................................................................................................. 234 

4.1.3. Preliminary Results and Discussion.......................................................................... 236 

4.1.4. Conclusions and Future Work .................................................................................. 245 

4.2. Mechanistic Investigations of the Photolysis of Rhenium(I) Complexes Containing 

Azide-Bearing Ligands ........................................................................................................... 246 

4.2.1. Introduction ............................................................................................................... 246 

4.2.2. Experimental ............................................................................................................. 247 

4.2.3. Preliminary Results and Discussion.......................................................................... 249 

4.2.4. Conclusions and Future Work .................................................................................. 257 

4.3. Intramolecular Quenching of the Excited State of Rhenium(I) 4,5-Diazafluoren-9-one 

Tricarbonyl Chloride ............................................................................................................... 258 

4.3.1. Introduction ............................................................................................................... 258 

4.3.2. Experimental ............................................................................................................. 259 

4.3.3. Preliminary Results and Discussion.......................................................................... 260 

4.3.4. Conclusions and Future Work .................................................................................. 263 

4.4. Supporting Information .................................................................................................... 264 

4.5. References ........................................................................................................................ 269 



 

viii  

 

LIST OF TABLES  

Table 2.1. Summary of CPE experiments. qNMR yields, applied potential (Eapp), FE of 

formate, and charge passed (Qc) during CPE experiments. ......................................... 46 

Table S2.1. Reduction potentials of [1]+ and [2]+ under various conditions. ............................... 61 

Table S2.2. Experimental icat/ip data and calculated kobs. ............................................................. 69 

Table S2.3. Comparison of the corrected IR stretches obtained from calculations with the 

experimental IR stretches. ............................................................................................ 71 

Table S2.4. Electronic energies (E), thermal corrections to Gibbs free energies (Gcorr), 

and Gibbs free energies (G). ........................................................................................ 72 

Table 3.1. Electrochemical properties, ground/excited state energy gaps, and excited state 

redox potentials. ........................................................................................................... 86 

Table 3.2. Summary of the electronic absorption, photoluminescence, and calculated 

photophysical properties of 1-8 in CH2Cl2. ................................................................. 89 

Table S3.1. Summary of lifetimes obtained in deaerated DCM from single wavelength 

kinetic traces from different time-resolved techniques: Time-resolved IR 

(TRIR), UV/Vis transient absorption (ns-TA) and emission (em). ........................... 135 

 

 

  



 

ix 

 

LIST OF FIGURES  

Figure 1.1.  A general representation of (a) photophysics, (b) photochemistry, and (c) 

spectroscopy. .................................................................................................................. 2 

Figure 1.2. Electronic transition types in an octahedral transition metal complex with d6 

valence electrons. ........................................................................................................... 4 

Figure 1.3. Representation of a UV/vis spectrometer. .................................................................... 5 

Figure 1.4. General representation of a nanosecond transient absorption setup. ............................ 5 

Figure 1.5. General representation of a UFTA spectrometer. ......................................................... 6 

Figure 1.6. Jablonski diagram depicting available photophysical relaxation pathways of a 

system following absorption. ......................................................................................... 8 

Figure 1.7. PES plots clarifying the effect of geometrical distortion on the shape of the 

emission band. ................................................................................................................ 9 

Figure 1.8. General representation of a fluorometer. .................................................................... 10 

Figure 1.9. A representation of a time-resolved emission experiment setup. ............................... 11 

Figure 1.10. Potential energy curves representing harmonic (dashed orange) and 

anharmonic (solid blue) oscillator models. .................................................................. 12 

Figure 1.11. FTIR spectrophotometer. .......................................................................................... 15 

Figure 1.12. A representative diagram of the TRIR setup. ........................................................... 16 

Figure 1.13. Effects of structure on the photophysics. .................................................................. 17 

Figure 1.14. Potential region for an electrocatalytic reduction reaction happening at the 

surface of the working electrode (WE). ....................................................................... 19 

Figure 1.15. General scheme of an electrochemical cell. ............................................................. 20 

Figure 1.16. Simplified schematic representation of the cell-potentiostat circuit. ........................ 20 

Figure 1.17. Electric double-layer formation at the surface of a working electrode..................... 21 

Figure 1.18. Applied potential (E) vs. time (t) plot for a cyclic voltammetry experiment. .......... 24 

Figure 1.19. Current response (i) of ferrocene oxidation to a potential sweep plotted vs. t. ........ 25 

Figure 1.20. Concentration profiles of the analyte ferrocenium. .................................................. 26 

Figure 1.21. Irreversible chemical reaction between the one electron reduced form of the 

catalyst and a substrate. ................................................................................................ 28 

Figure 1.22. Current vs. time plot for a BE experiment. ............................................................... 30 

Figure 1.23. FT-IR spectrophotometer coupled with a potentiostat for an IR-SEC 

experiment. ................................................................................................................... 32 

Figure 1.24. IR-SEC cell. .............................................................................................................. 33 

Figure 1.25. FT-IR spectra of CO stretches in a [ReL2(CO)2]
+ complex, where L is a 

diimine ligand, measured as a function of applied potential. ....................................... 34 



 

x 

 

Figure 2.1. Molecular structures of the molecules investigated. ................................................... 40 

Figure 2.2. Cyclic voltammograms measured against an internal Fc+/0 reference in the 

presence and absence of CO2 for (a) [1][PF6] without additives, (b) [1][PF6] 

with 2 M TEA and 2 M IPA, (c) [2][OTf]  without additives, and (d) [2][PF6] 

with 2 M TEA and 2 M IPA. ........................................................................................ 42 

Figure 2.3. Electrocatalytic reduction of CO2 using [2][PF6] and product analysis by 1H-

NMR. ............................................................................................................................ 44 

Figure 2.4. Detection of formate as a product from CO2RR by FTIR-SEC. ................................ 44 

Figure 2.5. FTIR-SEC data of [2][OTf]  in ACN. ......................................................................... 47 

Figure 2.6. FTIR-SEC data of [2][OTf]  in ACN in the presence of [HNEt3][PF6]. ..................... 50 

Figure S2.1. Cell used for the controlled potential electrolysis experiments.. .............................. 58 

Figure S2.2. Working electrode used for controlled potential electrolysis experiments. ............. 58 

Figure S2.3. Cyclic voltammograms of catalyst [2][OTf]  (1 mM) CO2 in ACN (0.1 M 

TBAPF6). ...................................................................................................................... 59 

Figure S2.4. Cyclic voltammograms of catalyst [2][PF6] (1 mM) in 2 M TEA, 2 M IPA 

and ACN (0.25 M TBAPF6). ........................................................................................ 59 

Figure S2.5. Cyclic voltammograms of catalyst tmp (1 mM) CO2 in 2 M TEA, 2 M IPA, 

and  ACN (0.1 M TBAPF6). ......................................................................................... 60 

Figure S2.6. Cyclic voltammograms of catalyst [2]OTf  (1 mM) CO2 in 20 mM 

[HNEt3]PF6 and ACN (0.1 M TBAPF6). ...................................................................... 60 

Figure S2.7. Cyclic voltammograms of the catalysts (1 mM) taken in a ACN/H2O (95:5) 

solution of 0.1 M TBAPF6 under inert and CO2 saturated conditions. ........................ 61 

Figure S2.8. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.0 V 

vs. Fc+/0 of [1][PF6] (1 mM) in the presence of 2 M TEA and 2 M IPA in ACN 

(0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. .................................... 62 

Figure S2.9. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.0 V 

vs. Fc+/0 of [1][PF6] (1 mM) in the presence of 2 M TEA and 2 M IPA in ACN 

(0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. .................................... 62 

Figure S2.10. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V 

vs. Fc+/0 of [2][PF6] (1 mM) in the presence of 2 M TEA and 2 M IPA in ACN 

(0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. .................................... 63 

Figure S2.11. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V 

vs. Fc+/0 of [2][PF6] (1 mM) in the presence of 2 M TEA and 2 M IPA in ACN 

(0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. .................................... 63 

Figure S2.12. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 3 hours at -2.0 V 

vs. Fc+/0 of [2][PF6] (1 mM) in the presence of 2 M TEA and 2 M IPA in ACN 

(0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. .................................... 64 



 

xi 

 

Figure S2.13. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 3 hours at -1.9 V 

vs. Fc+/0 of [2][PF6] (1 mM) in the presence of 2 M TEA and 2 M IPA in ACN 

(0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. .................................... 64 

Figure S2.14. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V 

vs. Fc+/0 of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 

spiked with 0.1 mL of THF-d8. .................................................................................... 65 

Figure S2.15. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V 

vs. Fc+/0 of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 

spiked with 0.1 mL of THF-d8. .................................................................................... 65 

Figure S2.16. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V 

vs. Fc+/0 of [2][PF6] (1 mM) in the presence of 2 M TEA and 2 M IPA in ACN 

(0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. .................................... 66 

Figure S2.17. GC analysis after CPE of 6 hours at -2.2 V vs. Fc+/0 of [2][PF6] (1 mM) in 

the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under 
13CO2. ........................................................................................................................... 66 

Figure S2.18. Electrocatalysis of CO2 reduction by [2]+ in a 95:5 ACN/H2O mixture. ............... 67 

Figure S2.19. 1H-NMR spectrum (400 MHz) of a 3-hour CPE experiment at -2.14 V vs. 

Fc+/0 of [2][OTf]  (1 mM) in 95:5 ACN/H2O solution (0.1 M TBAPF6) under 
12CO2. ........................................................................................................................... 67 

Figure S2.20. 1H-NMR spectrum (400 MHz, top) and 13C-NMR (100 MHz, bottom) 

spectra of a 3-hour CPE experiment at -2.14 V vs. Fc+/0 of [2][OTf]  (1 mM) in 

95:5 ACN/H2O solution (0.1 M TBAPF6) under 13CO2. .............................................. 68 

Figure S2.21. Detection of formate as a product from CO2RR by FTIR-SEC. ............................ 68 

Figure S2.22. Cyclic voltammograms of [2][OTf]  at different scan rates in 2 M TEA and 

2 M IPA in ACN (0.25 M TBAPF6). ........................................................................... 69 

Figure S2.23. Cyclic voltammograms in the IR-SEC cell of catalyst [2][OTf]  (1 mM) 

under N2 in ACN (0.1 M TBAPF6). ............................................................................. 70 

Figure S2.24. Optimized structure of [2]+. .................................................................................... 70 

Figure 3.1. Molecular structures of the chromophores investigated. ............................................ 82 

Figure 3.2. 1H NMR spectra (400 MHz) representing the sp3 C-H protons on dafH (left) 

and the ethyl protons on dedaf (right). All spectra were measured in CDCl3. ............. 84 

Figure 3.3. Solution-based FT-IR spectra of chromophores 1-8, recorded in DCM. ................... 85 

Figure 3.4. Electronic absorption spectra of 1-8 measured in DCM............................................. 87 

Figure 3.5. Normalized, static PL spectra of 1-8, measured in deaerated DCM at room 

temperature. ɚex = 410 nm. ........................................................................................... 88 

Figure 3.6. Photoluminescence intensity decay traces of 1-8 measured in deaerated DCM. ....... 90 

Figure 3.7. Nanosecond transient absorption difference spectra obtained in DCM of 5, 

representative of the entire series under investigation. ɚex = 410 nm; pulse 

energy ~ 3 mJ/pulse. ..................................................................................................... 91 



 

xii  

 

Figure 3.8. Nanosecond TRIR spectra of [a] 1 and [b] 5 were measured in deaerated 

DCM at ɚex = 400 nm and power = 8.3 µJ/pulse, using femtosecond amplified 

laser pulses. .................................................................................................................. 93 

Figure 3.9. Comparison of the calculated TRIR difference spectrum (black) and the 

experimental TRIR difference spectrum (red) for complex 1. ..................................... 93 

Figure 3.10. Energy gap law plot of [fac-Re(N^N)(CO)3L]0/+ complexes, where N^N = 

dafR (black), bpy (red), or phen (blue). ....................................................................... 96 

Figure S3.1. 1H NMR spectrum (400 MHz) of dafone in CDCl3. ............................................... 107 

Figure S3.2. 1H NMR spectrum (400 MHz) of dafH in CDCl3. ................................................. 108 

Figure S3.3. 1H NMR spectrum (400 MHz) of dedaf in CDCl3. ................................................. 108 

Figure S3.4. 1H NMR spectrum (400 MHz) of complex 1 in CDCl3. ......................................... 109 

Figure S3.5. 13C NMR spectrum (101 MHz) of complex 1 in CDCl3......................................... 109 

Figure S3.6. 1H NMR spectrum (400 MHz) of complex 2 in CDCl3. ......................................... 110 

Figure S3.7. 13C NMR spectrum (101 MHz) of complex 2 in CDCl3. ....................................... 110 

Figure S3.8. 1H NMR spectrum (400 MHz) of complex 3 in CDCl3. ......................................... 111 

Figure S3.9. 13C NMR spectrum (101 MHz) of complex 3 in CDCl3......................................... 111 

Figure S3.10. 1H NMR spectrum (400 MHz) of complex 4 in CDCl3. ....................................... 112 

Figure S3.11. 13C NMR spectrum (101 MHz) of complex 4 in CDCl3....................................... 112 

Figure S3.12. 1H NMR spectrum (400 MHz) of complex 5 in CDCl3. ...................................... 113 

Figure S3.13. 13C NMR spectrum (101 MHz) of complex 5 in CDCl3. ..................................... 113 

Figure S3.14. 1H NMR spectrum (400 MHz) of complex 6 in CDCl3. ...................................... 114 

Figure S3.15. 13C NMR spectrum (101 MHz) of complex 6 in CDCl3....................................... 114 

Figure S3.16. 1H NMR spectrum (400 MHz) of complex 7 in CDCl3. ...................................... 115 

Figure S3.17. 13C NMR spectrum (101 MHz) of complex 7 in CDCl3....................................... 115 

Figure S3.18. 1H NMR spectrum (400 MHz) of complex 8 in CDCl3. ...................................... 116 

Figure S3.19. 13C NMR spectrum (101 MHz) of complex 8 in CDCl3....................................... 116 

Figure S3.20. 1H NMR spectrum (400 MHz) of complex 9 in CDCl3. ....................................... 117 

Figure S3.21. 13C NMR spectrum (101 MHz) of complex 9 in CDCl3....................................... 117 

Figure S3.22. 1H NMR spectrum (400 MHz) of complex 10 in CDCl3. ..................................... 118 

Figure S3.23. 13C NMR spectrum (101 MHz) of complex 10 in CDCl3..................................... 118 

Figure S3.24. HRMS (ESI-TOF) of 4,5-diazafluoren-9-one dissolved in DCM and 

injected by flowing water/ACN 5:95. ........................................................................ 119 

Figure S3.25. HRMS (ESI-TOF) of dafH dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 119 



 

xiii  

 

Figure S3.26. HRMS (ESI-TOF) of dedaf dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 119 

Figure S3.27. HRMS (ESI-TOF) of complex 1 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 120 

Figure S3.28. HRMS (ESI-TOF) of complex 2 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 120 

Figure S3.29. HRMS (ESI-TOF) of complex 3 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 120 

Figure S3.30. HRMS (ESI-TOF) of complex 4 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 121 

Figure S3.31. HRMS (ESI-TOF) of complex 5 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 121 

Figure S3.32. HRMS (ESI-TOF) of complex 6 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 121 

Figure S3.33. HRMS (ESI-TOF) of complex 7 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 122 

Figure S3.34. HRMS (ESI-TOF) of complex 8 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 122 

Figure S3.35. HRMS (ESI-TOF) of complex 9 dissolved in DCM and injected by flowing 

water/ACN 5:95. ........................................................................................................ 122 

Figure S3.36. HRMS (ESI-TOF) of complex 10 dissolved in DCM and injected by 

flowing water/ACN 5:95. ........................................................................................... 123 

Figure S3.37. Cyclic voltammograms (CV, black) and differential pulse voltammograms 

(DPV, red) vs Fc+/Fc of complexes 1-8 in ACN (0.1 M TBAPF6) performed in 

an N2-filled glovebox. ................................................................................................ 123 

Figure S3.38. Uncorrected PL spectra obtained in aerated ACN for chromophores (a) 1, 

(b) 2, (c) 3, and (d) 4. E0-0 values were obtained from the x-intercepts of the red 

tangent lines. ............................................................................................................... 124 

Figure S3.39. Uncorrected PL spectra obtained in aerated ACN for chromophores (a) 5, 

(b) 6, (c) 7, and (d) 8. E0-0 values were obtained from the x-intercepts of the red 

tangent lines. ............................................................................................................... 125 

Figure S3.40. Correlation between energy gap obtained from electrochemical 

measurements (ȹE) and the energy gap between the lowest vibrational energy 

levels of the ground state and excited state (E0-0) obtained from emission 

spectra both measured in ACN. The data represents complexes 1-8. ........................ 126 

Figure S3.41. Kinetic emission traces of complexes (a) 1, ɚdet = 530 nm; (b) 2, ɚdet = 530 

nm; (c) 3, ɚdet = 570 nm; and (d) 4, ɚdet = 570 nm, measured in deaerated DCM 

(ɚex = 410 nm; 1-2 mJ/pulse). ..................................................................................... 127 



 

xiv 

 

Figure S3.42. Kinetic emission traces of complexes (a) 5, ɚdet = 550 nm; (b) 6, ɚdet = 550 

nm; (c) 7, ɚdet = 530 nm; and (d) 8, ɚdet = 530 nm, measured in deaerated DCM 

(ɚex = 410 nm; 1-2 mJ/pulse). ..................................................................................... 128 

Figure S3.43. Time-gated emission spectra of complexes (a) 1, (b) 2, (c) 3, and (d) 4 

measured in deaerated DCM (ɚex = 410 nm; 1-2 mJ/pulse). ...................................... 129 

Figure S3.44. Time-gated emission spectra of complexes (a) 5, (b) 6, (c) 7, and (d) 8 

measured in deaerated DCM (ɚex = 410 nm; 1-2 mJ/pulse). ...................................... 130 

Figure S3.45. Time-resolved nanosecond UV/Vis difference spectra of complexes (a) 1, 

(b) 2, (c) 3, and (d) 4 measured in deaerated DCM (ɚex = 410 nm; ~3 mJ/pulse). ..... 131 

Figure S3.46. Time-resolved nanosecond UV/Vis difference spectra of complexes (a) 5, 

(b) 6, (c) 7, and (d) 8 measured in deaerated DCM (ɚex = 410 nm; ~3 mJ/pulse). ..... 132 

Figure S3.47. Kinetic traces obtained from transient absorption of complexes (a) 1, ɚdet = 

470 nm; (b) 2, ɚdet = 480 nm; (c) 3, ɚdet = 450 nm; and (d) 4, ɚdet = 450 nm, 

measured in deaerated DCM (ɚex =430 nm or 410 nm; 1-2 mJ/pulse)....................... 133 

Figure S3.48. Kinetic traces obtained from transient absorption of complexes (a) 5, ɚdet = 

425 nm;  (b) 6, ɚdet = 425 nm; (c) 7, ɚdet = 425 nm; and (d) 8, ɚdet = 425 nm, 

measured in deaerated DCM (ɚex = 410 nm; 1-2 mJ/pulse). ...................................... 134 

Figure S3.49. UV/Vis spectroelectrochemical data of complexes (a) 1, (b) 2, (c) 3, and (d) 

4 measured in ACN.. .................................................................................................. 136 

Figure S3.50. UV/Vis spectroelectrochemical data of complexes (a) 5, (b) 6, (c) 7, and (d) 

8 measured in ACN. ................................................................................................... 137 

Figure S3.51. Time-resolved nanosecond IR difference spectra of complexes (a) 1, (b) 2, 

(c) 3, and (d) 4 measured in DCM (ɚex = 400 nm; 8-9 µJ/pulse; 1000 averaged 

pulses/scan). Samples prepared in the glovebox. ....................................................... 138 

Figure S3.52. Time-resolved nanosecond IR difference spectra of complexes (a) 5, (b) 6, 

(c) 7, and (d) 8 measured in DCM (ɚex = 400 nm; 8-9 µJ/pulse; 1000 averaged 

pulses/scan). Samples prepared in the glovebox. ....................................................... 139 

Figure S3.53. Kinetic traces obtained from IR difference spectra of complexes (a) 1, (b) 

2, (c) 3, and (d) 4 measured in DCM (ɚex = 400 nm; 8-9 µJ/pulse; 1000 

averaged pulses/scan) at the ground state bleach. Samples prepared in the 

glovebox. .................................................................................................................... 140 

Figure S3.54. Kinetic Traces obtained from IR difference spectra of complexes (a) 5, (b) 

6, (c) 7, and (d) 8 measured in DCM (ɚex = 400 nm; 8-9 µJ/pulse; 1000 

averaged pulses/scan) at the ground state bleach. Samples prepared in the 

glovebox. .................................................................................................................... 141 

Figure S3.55. Excitation spectra of complexes (a) 1, (b) 2, (c) 3, and (d) 4 measured in 

aerated DCM. The detection wavelength is indicated in the legend for each 

complex. ..................................................................................................................... 142 



 

xv 

 

Figure S3.56. Excitation spectra of complexes (a) 5, (b) 6, (c) 7, and (d) 8 measured in 

aerated DCM. The detection wavelength is indicated in the legend for each 

complex. ..................................................................................................................... 143 

Figure S3.57. Optimized geometric structures of complexes 1-8. .............................................. 144 

Figure S3.58. Calculated IR spectra of the CO stretching frequencies in 1-8. ........................... 144 

Figure S3.59. UV/Vis spectra of complex 2 (a) and complex 5 (c) comparing the 

calculated spectra (black) and their corresponding stick spectra (red) with the 

experimental spectra (blue). (b) and (d) show the orbitals involved in the 

MLCT and LC transitions depicted by the stick spectra. ........................................... 145 

Figure 4.1. The ReI series to be studied for pH sensing. ............................................................. 233 

Figure 4.2. A representation of the deprotonation of complex 8 and the proposed 

photophysical processes. ............................................................................................ 234 

Figure 4.3. Schematic representation of the titration procedure. ................................................ 235 

Figure 4.4. UV/vis absorption spectra are used to aid in the optimization of the sample 

preparations. ............................................................................................................... 238 

Figure 4.5. Change in the photophysical properties of complex 8 upon titration of the 

acidic analyte with the basic titrant. ........................................................................... 240 

Figure 4.6. Change in the photophysical properties of complex 8 upon titration of the 

basic analyte with the acidic titrant. ........................................................................... 242 

Figure 4.7. TD-DFT calculations show the absorption spectra of the protonated (8) and 

deprotonated (8-) forms. The deprotonated speciesô transitions and the 

respective molecular orbitals (MOs) are also shown. ................................................ 243 

Figure 4.8. UFTA spectra were obtained from a basic solution of complex 8 (pH = 12) 

prepared on the day before the measurement. (a) UFTA difference spectra. (b) 

Single-wavelength kinetic traces. ............................................................................... 244 

Figure 4.9. Changes in the photophysical properties as a function of pH. (a) derived from 

experiment with basic titrant. (b) derived from experiment with acidic titrant. ........ 245 

Figure 4.10. Structural representation of ReAP and the possible intermediates after 

photolysis, ReNP and ReAZP. ................................................................................... 247 

Figure 4.11. Photolysis by a 390 nm Kessil lamp of ReAP in ACN monitored by FTIR. ......... 250 

Figure 4.12. TD-DFT calculations on ReAP in DCM. (a) Calculated vs. experimental 

absorption spectra. (b) Molecular orbitals involved in the highlighted 

transitions. .................................................................................................................. 251 

Figure 4.13. Photolysis by different Kessil lamps of ReAP in ACN monitored by UV/vis 

absorption. (a) 370 nm. (b) 456 nm. (c) 370 nm in the presence of excess 

styrene. (d) 456 nm in the presence of excess styrene. .............................................. 252 

Figure 4.14. Proposed trapping reaction of the nitrene. .............................................................. 252 

Figure 4.15. UFTA spectra of ReAP in ACN are represented at different time ranges. (a) 

0-1 ps. (b) 1-9 ps. (c) 9-6000 ps. (d) Single-wavelength kinetic traces. .................... 254 



 

xvi 

 

Figure 4.16. Proposed mechanism of the photolysis of ReAP to ReNP. (a) LC -́ˊ* 

excitation. (b) MLCT excitation. The relative energies of ReAP to ReNP and 

ReAZP are not drawn to scale. Theoretical calculations need to be done for a 

more accurate representation. ..................................................................................... 256 

Figure 4.17. UV/vis absorption spectrum of Re(dafone)(CO)3Cl as compared to 

Re(dafH)(CO)3Cl in DCM. ........................................................................................ 260 

Figure 4.18. Re(dafone)(CO)3Cl emission spectrum measured in deaerated DCM. .................. 261 

Figure 4.19. UFTA spectra of Re(dafone)(CO)3Cl in DCM. (a) UFTA difference spectra. 

(b) Single-wavelength kinetic traces. ......................................................................... 261 

Figure 4.20. TRIR spectra of Re(dafone)(CO)3Cl in DCM. (a) TRIR difference spectra. 

(b) Single wavelength kinetic trace. ........................................................................... 262 

Figure 4.21. Series of ReI complexes suggested for comparison with Re(dafone)(CO)3Cl. ...... 263 

Figure S4.1.1H NMR (400 MHz) of epoxy-phen in CDCl3. ....................................................... 264 

Figure S4.2. 13C NMR (101 MHz) of epoxy-phen in CDCl3. ..................................................... 265 

Figure S4.3. 1H NMR (400 MHz) of N3phen in CDCl3. ............................................................. 266 

Figure S4.4. 13C NMR (101 MHz) of N3phen in CDCl3. ............................................................ 266 

Figure S4.5. 1H NMR (400 MHz) of Re(N3phen)(CO)3Cl in CDCl3. ........................................ 267 

Figure S4.6. HRMS spectrum of a ReAP sample dissolved in DCM and injected by 

flowing water/ACN 5:95. ........................................................................................... 267 

Figure S4.7. 1H NMR (400 MHz) of Re(dafone)(CO)3Cl in CDCl3. ......................................... 268 

 

 

 

  



 

xvii  

 

LIST OF SCHEMES 

Scheme 2.1. Proposed mechanism for the CO2RR using [2]+ as a catalyst in the presence of 

TEA and IPA. ............................................................................................................... 49 

Scheme S2.1. Proposed reaction pathways for cleavage of CO ligand as a route to hydride 

formation from complex [2]+. ...................................................................................... 70 

Scheme S2.2. Proposed reaction pathways for CPET (coupled proton and electron 

transfer). ....................................................................................................................... 71 

Scheme 3.1. General synthetic scheme for 1-10. .......................................................................... 83 

 

 

 

 



   

1 

 

Chapter 1: Spectroscopy, Electrochemistry, and Spectroelectrochemistry 

Rhenium(I) complexes have been widely studied in the literature.1ï4 Their long excited-state 

lifetimes enabled their use as photosensitizers4 and photocatalysts.4,5 Moreover, they have been 

known to have high activity in CO2 reduction electrocatalysis.6ï8 This dissertation investigates the 

use of a new class of rhenium(I) complexes for CO2 electrocatalysis (Chapter 2) and studies 

another new class of rhenium(I) complexes for improved photophysical properties (Chapter 3). 

Chapter 4 goes over other spectroscopic applications on rhenium(I) complexes, including 

luminescent pH sensing, photochemistry of the decomposition of rhenium(I) complexes 

containing aryl azide ligands, and intramolecular quenching of 3MLCT states of some rhenium(I) 

complexes. The current chapter discusses the fundamental spectroscopic, electrochemical, and 

spectroelectrochemical concepts and techniques used in the following chapters. 

1.1. Spectroscopy 

When a molecule (A) is struck by light, it undergoes different processes. If the excited state (A*) 

decays back to its original ground state (A), the set of processes it underwent from excitation to 

relaxation is termed photophysics (Figure 1.1a). However, if a reaction occurs after A* is formed, 

the set of processes is termed photochemistry. Photolysis, a specific type of photochemistry, is 

represented in Figure 1.1b, where A* decomposes into two products, B and C. Photophysical and 

photochemical processes can be detected with the help of spectroscopy. Spectroscopic techniques 

(Figure 1.1c) generally consist of a light source to excite a sample, whose behavior is then collected 

by a detector. In the following sections, light absorption, selected deactivation pathways, and the 

respective spectroscopic techniques are to be discussed. 
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Figure 1.1.  A general representation of (a) photophysics, (b) photochemistry, and (c) spectroscopy. 

1.1.1. Light Absorption 

1.1.1.1. Fundamentals of Light Absorption 

Most of the information provided in this section is summarized using the same text9 unless 

otherwise noted. 

Molecules exist in states having specific energies. These states are described by wave functions 

Ɋ, which are Eigenfunctions of the Hamiltonian operator Ǧ, whose energies have Eigenvalues E. 

This is given by the Schrödinger equation: 

Ὄ  Ὁ    (1.1) 

When a molecule absorbs a photon of energy that resonates with the difference in energy of its 

initial and final state wavefunctions, the system is said to have undergone a perturbation. The 

probability of finding the system, after the perturbation is removed, at a final state Ɋf is 

proportional to the square of the transition moment (TM), given by: 

4-  ᷿‘Ƕ Ὠ†    (1.2) 
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where the subscripts i and f represent the initial and final states, respectively, and ‘Ƕ is the dipole 

moment operator. Since Ɋ represents the state of the molecule, it includes wavefunctions 

corresponding to both electrons and nuclei. To simplify Eq. 1.2, a couple of approximations can 

be made. The Born-Oppenheimer (BO) approximation states that these wavefunctions are 

separable due to the long timescale of nuclear movements compared to electronic motion. The 

Franck-Condon approximation states that nuclear motion does not affect ‘Ƕ, for they are considered 

ñfrozenò on the timescale of the instantaneous electronic transitions induced by light absorption. 

Furthermore, electronic states can be further separated into electron spin and orbital (spatial) 

wavefunction components. As a result, Eq. 1.3 can be rewritten as: 

4- ‰᷿‘Ƕ‰Ὠ† Ὓ᷿ὛὨ† —᷿—Ὠ†    (1.3) 

where ʟ  is the electronic orbital wavefunction in the initial (i) and final (f) states, S is the electronic 

spin wavefunction, and ɗ is the nuclear (vibrational) wavefunction. If any of these integrals are 

zero, then the TM is zero and the electronic transition is said to be forbidden. Note, however, that 

forbidden transitions can still be observed due to the factors neglected by these approximations. 

The electronic transition term (blue) and the spin overlap integral (green) give rise to symmetry 

and spin selection rules, respectively. In summary, a transition is allowed between orbitals having 

a product that transforms as the symmetry of the transition dipole moment in the x, y, or z direction. 

For electron spins, a transition is allowed only between species with identical spins, termed the 

spin selection rule. The Franck-Condon term (gold) dictates the spectral shape of the observed 

electronic transitions. The allowed transitions generally possess high extinction coefficients 

whereas forbidden transitions possess extremely low extinction coefficients. 



   

4 

 

1.1.1.2. Types of Electronic Transitions Induced by Absorption 

The rhenium(I) complexes studied in this dissertation generally have an octahedral coordinate 

environment that can be represented as in Figure 1.2. The metal d orbitals lie between the ligand 

ˊ and ˊ* orbitals. Metal-centered (MC) d-d transitions are usually forbidden and are the lowest in 

energy if observed. Metal-to-ligand charge transfer (MLCT) transitions occur from a metal d ́to a 

ligand ˊ* orbital. If the transition occurs from a ligand ˊ orbital to a metal orbital, it is termed 

ligand-to-metal charge transfer (LMCT). The last type of transition is one happening from the 

ligand ˊ to the ligand ˊ* orbital, thus known as ligand-centered (LC) ˊ-ˊ* transition, which is 

usually the highest in energy. Rhenium(I) complexes usually have two main types of transitions: 

lower energy MLCT transitions and higher energy LC ˊ-ˊ* transitions. 

 

Figure 1.2. Electronic transition types in an octahedral transition metal complex with d6 valence electrons. 

1.1.1.3. UV/Vis Absorption Techniques 

The light absorption of a ground state species (A) can be detected by a UV/vis absorption 

spectrometer represented in Figure 1.3. UV/vis light is emitted by a xenon lamp and passed through 

a monochromator, where a single wavelength is selected and passed through a sample at a 180° 

angle from the detector. The intensity of the transmitted light at that wavelength is detected. For a 

spectrum, the full range of wavelengths is scanned by the monochromator. 
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Figure 1.3. Representation of a UV/vis spectrometer. Adapted from reference 10. 

To acquire the absorption spectrum of an excited state A* in the ns regime or longer, the setup 

represented in Figure 1.4 can be used. A reference spectrum of the ground state A is first acquired 

using the linear light path starting from the xenon lamp and ending with the detector (iCCD 

camera), similar to that previously mentioned. Then, A is excited to A* using a pump beam at a 

selected wavelength generated by a Nd:YAG laser, and a spectrum of the excited sample is taken 

by passing white light (probe beam) through the sample, into a diffraction grating, then to the 

detector. The reference ground state spectrum of A is subtracted from the excited state spectrum. 

The positive features are therefore assigned to the excited state absorptions, and the negative 

features are referred to as the ground state bleaches. For time-delayed spectra, an electronic delay 

can be added to the probe to hit the sample after a specified time from the pump. 

 

Figure 1.4. General representation of a nanosecond transient absorption setup. 
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The same concepts apply for acquiring a transient absorption spectrum in the sub-picosecond to 

the 6 ns time regime apart from using the same laser to generate the pump and probe beams. This 

type of transient absorption technique is termed ultrafast transient absorption (UFTA) 

spectroscopy. As shown in Figure 1.5, a laser beam is generated from the Coherent Libra laser, 

split into two parts. One part is tuned to the desired excitation wavelength in an optical amplifier 

(OPerA Solo) to serve as the pump beam. The other part travels through an optical delay stage 

with a moving mirror on a 6 ns delay line. After the delay, this beam hits a white-light-generating 

CaF2 crystal before hitting the sample, serving as the probe beam. The pump and the probe beam 

are overlapped at the sample, after which the probe beam is guided to the detector. 

 

Figure 1.5. General representation of a UFTA spectrometer. Adapted from reference 11. 
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1.1.2. Photophysical Deactivation Pathways 

1.1.2.1. Fundamentals 

Light absorption and the associated excited state deactivation pathways can be summarized in a 

simplified electronic state diagram known as a Jablonski diagram, Figure 1.6. The solid lines 

indicate radiative processes while the wavy arrows indicate non-radiative processes. The Jablonski 

diagram assumes a closed-shell ground state of singlet state character (S0) and represents triplet 

excited states with Tn. The bold horizontal black lines represent the lowest energy of the particular 

electronic state (ground state S0 and excited states Sn and Tn where n > 0) of the molecule while 

the thin black lines correspond to vibrational levels located within each electronic state. It is worth 

noting here that, for simplicity, only spin states are considered while the symmetry and rotational 

levels of the transition are neglected due to their marked energy differences with respect to 

electronic and vibrational energies. Also, only one vibrational mode is presented in these diagrams 

and only photophysical deactivation pathways are indicated. Upon irradiation of the molecule with 

light (straight blue arrows), S0 is excited into higher singlet excited states Sn, in accordance with 

the spin selection rule. Excitation into high vibrational levels depends on the degree of nuclear 

displacement between Sn and S0, which is better illustrated using potential energy surfaces (PES). 

Following light excitation, an electron occupying high vibrational energy levels in Sn undergoes 

vibrational relaxation (curvy yellow arrows) to satisfy the Boltzmann equilibrium. Vibrational 

relaxation dissipates energy in the form of heat by collisions with surrounding solvent molecules. 

This process represents a rapid relaxation pathway due to the high rate of collisions occurring in 

solution. Another deactivation process termed internal conversion (curvy purple arrows) is a non-

radiative transition from a higher electronic energy level to a lower one (i.e., S2 Ą S1) having the 

same spin multiplicity, occurring through overlapping isoenergetic vibrational levels. If a non-
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radiative transition occurs between S1 and T1, the process is referred to as intersystem crossing 

(curvy blue arrows), a formally forbidden transition which is facilitated by the phenomenon called 

spin-orbit coupling. Due to the forbidden nature of this transition, it occurs at a much slower rate 

with respect to internal conversion. Another process of photophysical excited-state deactivation is 

termed radiative decay. Radiative deactivation (light emission) occurs from the lowest excited 

state (Kashaôs rule) to the ground state due to the fast rates at which the previously discussed 

processes occur. If the radiative emission happens from S1 Ą S0, it is called fluorescence (green 

arrows), while if it occurs from T1 Ą S0, it is called phosphorescence (red arrows). 

Phosphorescence is significantly slower than fluorescence due its spin-forbidden nature.  

 

Figure 1.6. Jablonski diagram depicting available photophysical relaxation pathways of a system following 

absorption. Adapted from the reference 12. 

The spectral shape of light emission bands depends on the Franck-Condon factor, which is the 

degree of geometrical distortion of the excited state with respect to the ground state, Figure 1.7. 

Emission band shapes can be predicted by connecting the S1 level (lowest vibrational level v = 0) 
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of the lowest excited state (Kashaôs rule) to the PES of the S0 ground state using vertical lines. In 

the case where both PES plots of the excited and ground states are nested, only one narrow band 

appears which corresponds directly to E00, the difference in energy between the lowest vibrational 

levels of the ground (v = 0) and excited state (ǾΩ = 0). When the PES plots feature an excited state 

distortion, the vertical arrows now intersect the PES of the ground state across higher vibrational 

levels, leading to the appearance of more bands. Since E0-0 has the highest energy of all the other 

transitions, its value can be estimated from an emission spectrum by taking the intersection of the 

tangent to the blue edge of the emission curve with the wavelength/energy axis.13 

 

Figure 1.7. PES plots clarifying the effect of geometrical distortion (represented by Frank-Condon term in eq. 1.3) 

on the shape of the emission band. PES plots of excited state (red) and ground state (blue) are nested (left) or 

distorted (right). Adapted from literature.9 

1.1.2.2. Spectroscopic Techniques 

Steady-state or static emission spectra are measured using a fluorometer, an exploded view of the 

general components of this spectrometer is given in Figure 1.8. A sample is excited using a specific 

wavelength isolated from a broadband light source, typically a Xe arc lamp, using a 

monochromator and an order sorting filter, producing the desired excited state. A reference 

detector is used to correct for any variation in the excitation light intensity that might be 

encountered during the collection of the emission spectrum. The light emitted from the sample, 
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either fluorescence or phosphorescence, is collected at a 90o angle with respect to the excitation 

path. The collected light is passed through another monochromator that scans the entire emission 

wavelength range and ultimately strikes a detector, usually a photomultiplier tube, that generates 

a voltage signal proportional to the emission light intensity, yielding the final emission spectrum. 

The emission spectrum can be corrected for variations in the detection system wavelength 

sensitivity by using a correction file generated from the light output of a standardized NBS lamp. 

 

Figure 1.8. General representation of a fluorometer. Adapted from literature.14 

Time-resolved emission spectra can be obtained in the nanosecond regime or longer by the use of 

a flash photolysis system shown in Figure 1.9. A laser beam tuned to the desired excitation 

wavelength is generated by an Nd:YAG laser. The beam is guided to hit excite the sample, which 

in turn emits in all directions. An iCCD camera detector is placed at a 90° angle with the incident 

excitation beam to read the contributions from the emitted light only and eliminate interference 

from the excitation beam. A shutter placed before the detector is controlled to open at specific time 

delays after excitation to obtain spectra at different times. 
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Figure 1.9. A representation of a time-resolved emission experiment setup. 

1.1.3. Infrared Absorption Spectroscopy 

1.1.3.1. Fundamentals 

Unless otherwise specified, the information in this section was summarized from reference 15. 

Other than vibrational relaxation pathways, the discussion in Section 1.1.2.1 pertained to electronic 

transitions which occur over the UV-Visible region (higher energies) of the electromagnetic 

spectrum. IR radiation has lower energies which match the energies required for vibrational 

transitions in molecules. These energies (Eq. 1.5) can be estimated by using Eq. 1.4 for the 

potential energy component of the Hamiltonian in the Schrödinger equation (Eq. 1.1) applied to 

nuclear vibrations acting as a harmonic oscillator: 

ὠ Ὧή  (1.4) 

Ὁ ‡ Ὤ‫ ‡  (1.5) 

where V, k, q, ɡ, ɤ, h, and ɛ are the potential energy operator, force constant, bond length 

referenced to equilibrium position, vibrational level quantum number (0, 1, 2, 3, é), frequency 

of vibration, Planckôs constant, and reduced mass, respectively. A more realistic model, the 
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anharmonic oscillator, can be used to account for the dissociation of a bond at high values of q 

and high repulsion potential energy at low values of q, Figure 1.10. 

  

Figure 1.10. Potential energy curves representing harmonic (dashed orange) and anharmonic (solid blue) oscillator 

models. The inner horizontal lines represent the vibrational level corresponding to ɡ. The value re is the bond length 

at the equilibrium position; Do is the dissociation energy; De is the potential well depth. Do = De ï E0. Reproduced 

with modifications.16 

The potential energy operator for the anharmonic oscillator model and the resulting energy 

eigenvalues are given by: 

ὠ Ὀ ρ Ὡ   (1.6) 

Ὁ ‡ Ὤ‫ ‡ Ὤ‫ὼ (1.7) 

where ‫  , ὼ  , De is the potential well depth, and ɓ is a measure of the curvature 

at the bottom of the well. When applicable, the subscript e is given to indicate the relationship with 

respect to the equilibrium bond position. 

A moleculeôs movements in space are defined by the degrees of freedom which consist of 

translational, rotational, and vibrational motions. The total number of degrees of freedom for a 



   

13 

 

molecule is 3N, where N is the number of atoms. A non-linear molecule moving in a 3D system 

has three translational motions (x, y, z) and three rotational motions, which is 6 in total. Therefore, 

the remainder of 3N is the number of vibrational modes (3N-6). Linear molecules have two 

rotational modes, and, therefore, have 3N-5 vibrational modes. These modes can be readily derived 

using Group Theory, and their symmetries are established from the relevant character table 

corresponding to the molecule's point group. Each vibrational mode has a specific frequency ɤe 

and might or might not be observed by vibrational spectroscopy. The two main spectroscopic 

techniques to observe these vibrational modes are Raman and IR spectroscopy. Raman 

spectroscopy is beyond our discussion here due to its relative insensitivity in SEC experiments, 

but a vibrational mode might be Raman-active only, IR-active only, inactive, or both Raman- and 

IR-active. 

The relevant selection rule needs to be considered to determine whether a vibrational mode is IR 

active. An IR active mode should result in a change in the dipole moment of the molecule. As a 

result, the transition moment integral (TM, previously mentioned in Eq. 1.3, but this time for 

vibrational states) for a transition occurring from (̞ɡi) Ą (̞ɡf), where ̞  represents the wave 

function of a specific vibrational mode, given below, should be nonzero: 

4- ᷿ ‪‡‘Ƕ‪‡ Ὠ† (1.8) 

The above direct product should transform as the totally symmetric representation to be non-zero. 

Therefore, ̞ (ɡi) (̞ɡf) should transform as one of the components of  ˃ (x, y, or z). A careful  

analysis of ̞ (ɡ) states that if it has a non-degenerate symmetry, ̞(ɡ) transforms as the totally 

symmetric representation if ɡ is even and as the symmetry of the mode if ɡ is odd. Hence, if neither 

x, y, or z belongs to the totally symmetric representation, only transitions between odd and even 
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vibrational levels of the same mode can be allowed. In other words, only odd × even (symmetry 

of the mode × totally symmetric representation) gives the symmetry of the mode and not the totally 

symmetric representation. Moreover, for the transition to be allowed (IR-active), the symmetry of 

the mode should transform as at least one of the symmetries of x, y, or z in a given point group. 

When one identifies a molecule's observable IR vibrational modes, IR spectroscopy can be used 

to gain insight into its structural properties. For experiments where a sample is dissolved in a 

solvent, the solvent window and peak strength (intensity) should be considered. 

1.1.3.2. Spectroscopic Techniques 

In a generic Fourier transform infrared (FTIR) spectrophotometer, Figure 1.11, a broadband IR 

beam is emitted by an IR source, typically a glowbar. The IR beam is perpendicularly split in half 

by a beam splitter. One part is reflected by a stationary mirror, while a moving mirror reflects the 

other. The reflected parts meet again at the beam splitter and are split again, where one portion 

goes back to the IR source and the other travels to the sample. When the reflected beams meet, 

they form an interference pattern whose shape is dictated by the displacement of the moving 

mirror. Since the beam contains multiple frequencies, the interference pattern (interferogram) will 

have the shape of one high-intensity peak with two tails. When this new beam, resulting from the 

interference of the reflected beams, hits the sample, some of its frequencies are absorbed by the 

sample, giving the interferogram a new shape. The final beam, which is now attenuated by the 

superimposed absorbed frequencies, reaches the detector, and the computer transforms the 

resulting interferogram into the final IR spectrum using the Fourier transform series. FTIR has the 

advantage of high resolution and fast scans over dispersive IR methods.17 
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Figure 1.11. FTIR spectrophotometer. Adapted from literature.18 

To obtain a time-resolved IR (TRIR) spectrum that allows the detection of the IR transient 

absorption of an excited species A*, an experimental setup represented in Figure 1.12 is used. A 

Coherent Astrella laser generates a laser beam that is split into two parts. One part is fed into the 

Coherent Libra laser, which allows for an electronic delay and, in turn, the operation of the setup 

in the ns regime or longer. This beam is then guided into an optical amplifier, where the beam is 

converted into a broadband IR probe beam by an IR-generating crystal. The other part goes into 

another optical amplifier, which is tuned to the desired excitation wavelength, thus generating the 

pump beam. The pump beam is then directed into a delay line that accounts for time discrepancies 

between the pump and the probe beams, and then passes through an optical chopper to allow every 

other pulse to pass through and hit the sample. The probe beam is split into two parts that have 

distinct paths. One is directed to overlap with the pump beam at the sample (actual probe beam). 

The other part acts as a reference by hitting the sample at a different spot. The detector collects 

both the probe and reference beams. For experiments in the sub-picosecond to 6 ns time regime, 

the pump and probe beams are delayed by the optical delay stage instead of the electronic stage. 
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Figure 1.12. A representative diagram of the TRIR setup. 

1.1.4. Effects of Structure on Photophysics: Energy Gap Law 

After discussing the different photophysical deactivation pathways, it is essential to discuss how 

structural changes to the molecule affect those processes. The concept of the energy gap law, 

coined by Jortner,19 is summarized in Figure 1.13a. Two structural factors come into play here. 

First, the more structural distortion (ȹM) is between the ground state (A) and the excited state 

(A*), the more the overlap between their vibrational states is, and therefore the faster the decay to 

A through radiationless processes becomes. As a result, complexes with ligands of more rigid 

structures, like 1,10-phenanthroline, are expected to have longer lifetimes and higher emission 

quantum yields than those with 2,2ô-bipyridine ligands. Second, the less the energy gap (ȹE) 

between A and A*, the more overlap between the vibrational states and the faster the decay to A 

through radiationless processes. Figure 1.13b represents how ȹE can be tuned for complexes with 

the general formula [Re(N^N)(CO)3L]+/0, where N^N is a diimine ligand while L is a monodentate 

ligand. For a series with the same N^N ligand, a  ́donor ligand L interacts with the d́ orbitals, 

raising them in energy and decreasing the MLCT transition's energy. A  ́acceptor ligand L pushes 

the d́ orbitals lower in energy, increasing the MLCT transition's energy. Therefore, ˊ acceptor 
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ligands are expected to result in longer lifetimes and higher emission quantum yields for this class 

of complexes. 

 

Figure 1.13. Effects of structure on the photophysics. (a) Summary of energy gap law. (b) Effect of the ancillary 

ligand L on the energy of the MLCT transition. 

1.2. Electrocatalysis 

1.2.1. General Scheme of an Electrocatalytic Reaction 

Electrocatalytic systems have been widely developed as a class of reactions intended to lower the 

overpotential (Л) at which the electrochemical conversion of a substrate (S) to a product (P) occurs, 

Figure 1.6. The overpotential Л is the difference between the actual potential applied (Eact) to 

execute the reaction with respect to the thermodynamic potential for the pertinent redox couple 

(S/P), E(S/P). Electrocatalysis usually happens close to the redox potential of the catalyst (Eredox). 

To have a driving force sufficient for the reduction of S to P, Eredox should be more negative than 
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E (S/P). Ideally, a catalystôs goal is to decrease Л, therefore, Eredox should be more positive compared 

to Eact. Hence, Eredox should be between Eact and E(S/P).
6,20 While not exact, the difference between 

E (S/P) and Eredox can be used to predict the overpotential (Лô) of the reduction of S to P when 

catalyzed by Catred (reduced form of a catalyst). For a plausible electrocatalysis, Лô would be 

expected to be low and especially lower than Л. 

Depending on the catalytic mechanism and the number of electrons required to activate the 

catalyst, the scheme in Figure 1.14 representing electrocatalysis may change. Generally, however, 

for a reductive electrocatalysis, a catalyst in its oxidized form (Catox) close to the working electrode 

(WE) surface receives electrons from WE to be in its reduced active form (Catred). If S is present 

nearby, electron transfer occurs from Catred to S to regenerate Catox and produce P. This process is 

affected by electron transfer kinetics from the electrode surface to the catalyst, catalyst 

concentration, substrate concentration, and the rate constant of electron transfer from Ered to S 

(kcat). Before we step into the voltammetry techniques by which electrocatalysis is detected and 

quantified (Sections 1.2.3 and Section 1.2.4), it is important to first discuss some general 

fundamentals (Section 1.2.2). 



   

19 

 

 

Figure 1.14. Potential region for an electrocatalytic reduction reaction happening at the surface of the working 

electrode (WE). S, P, Catred, and Catox denote substrate, product, reduced form of catalyst, and oxidized form of 

catalyst, respectively. E(S/P) > Eredox > Eact and Лô < Л where E(S/P), Eredox , Eact, Лô, and Л are the thermodynamic 

potential for the redox couple (S/P), redox potential of catalyst where catalysis occurs, actual potential for redox 

couple (S/P) in the absence of a catalyst, electrocatalytic overpotential, and overpotential of (S/P) redox couple of an 

absence of a catalyst. 

1.2.2. Fundamentals of Voltammetry 

Voltammetry is an electrochemical technique by which the voltage (or potential) of the system is 

controlled by a potentiostat and a current response is recorded. An analyte solution containing 

electrolyte is placed in a cell that is connected to the potentiostat by three electrodes: working 

(WE), counter (CE), and reference (RE), Figures 1.15 and 1.16. When a user inputs a potential, 

the potentiostat applies that potential to the CE measured with respect to the potentiostatôs 

electrical ground, Figure 1.8. The response at the WE results in a current flow which is measured 

by an ammeter and recorded. Since the potentiostatôs electrical ground is not a reliable reference, 

the potentiostat measures the voltage difference between the RE and the WE, using a voltmeter, 

adjusting the potential to have an accurate reading vs the RE, where no current flows. Hence, the 

RE should be chemically inert to maintain a constant voltage and serve as a reliable reference to 

standardize the potentiostatôs applied potentials.21 
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Figure 1.15. General scheme of an electrochemical cell. Adapted from literature.22 

 

Figure 1.16. Simplified schematic representation of the cell-potentiostat circuit. The voltmeter and ammeter are 

usually built-in in the potentiostat, but they were shown for discussion. WE, CE, and CE denote the working 

electrode, counter electrode (aka auxiliary electrode), and reference electrode, respectively. Reproduced with 

modifications.23 

As described above, voltammograms are plotted as voltage (E) vs time (t) and current (i) vs t. These 

plots can be combined into one depending on how the experiment is executed. Since the voltage 

is controlled by the potentiostat and is chosen by the user, a plot of E vs t is easily established. 

However, the i vs t plot depends upon the analyteôs response. The analyte systems in this document 

are defined as solutions containing solvent, analyte, and a supporting electrolyte (salt) to increase 
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the conductivity of the solution. Where electrocatalysis is operable, the systemôs analyte is the 

catalyst, and a substrate is also present as a solute. It is important to identify two types of currents 

observed in electrochemical experiments, Faradaic and non-Faradaic currents.23 A Faradaic 

current arises from electron transfer from the WE to the analyte. Non-Faradaic currents are those 

that arise in the background due to the charging of the electric double-layer, Figure 1.17. This layer 

essentially acts as a capacitor, due to the presence of two oppositely charged plate-like layers in 

close proximity, separated by a dielectric layer of solvent. Therefore, when a potential is applied 

at the WE surface and this double-layer forms, a background current appears, corresponding to the 

charging of this newly formed capacitor. 

 

Figure 1.17. Electric double-layer formation at the surface of a working electrode. 

According to Faradayôs law (Eq. 1.9), the amount of charge transferred from the electrode surface 

(Q)  to the analyte is related to the  moles of electrolyzed analyte (N). Current, by definition, is the 

amount of electronic charge passed (Q) per unit time (t), Eq. 1.10.23 

ὔ   (1.9) 

Ὥ   (1.10) 
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where n and F are the number of electrons transferred per analyte unit and Faradayôs constant, 

respectively. Differentiating Eq 1.9 by dt, yields:23 

  (1.11) 

Therefore, Eq 1.11 can be rewritten as:23 

ὙὥὸὩ άέὰȾί   (1.12) 

Since the rate of the relevant redox reaction is dependent on the extent of contact between the 

analyte and electrode surface, it is usually expressed as per unit area (cm-2) of the electrode surface 

(A):23 

ὙὥὸὩ άέὰϽί Ͻὧά   (1.13) 

Multiple factors influence the rate of the redox reaction, of which mass transfer is most important. 

Three mass transfer phenomena are possible: (i) migration, (ii) diffusion, and (iii) convection. 

Migration, the influence of the electrical gradient, can be neglected by markedly increasing the 

concentration of supporting electrolytes with respect to the analytes, which are typically 4 to 5 

orders of magnitude larger. Convection can be eliminated by keeping the solution shielded from 

the local environment, remote from sources of mechanical vibration. The remaining term is 

diffusion, which is mass transfer resulting from concentration gradients.23 An analyte's 

concentration gradient forms as it is consumed close to the electrode surface while it is present 

abundantly in the bulk solution. Therefore, Eq 1.13 can be rewritten as:24 

Ὥ ὲὊὃὈ   (1.14) 
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where D is the diffusion coefficient of the analyte (cm2/s); C is the concentration of the analyte; 

and x is the distance from the electrode surface (x = 0 at the electrode surface). Therefore, the 

current response's shape depends on the slope of the concentration gradient profiles (plots of C vs 

x at a given potential and time). This topic will be further discussed later. 

A couple of other terms relevant to electrochemistry should be defined at this point:22 

a) Chemical reversibility is the ability of a redox couple to form an equilibrium in such a way that 

both the reduced and oxidized forms are chemically stable (do not decompose or react with the 

surroundings). 

b) Electrochemical reversibility refers to the ability of the electron transfer between the electrode 

surface and the redox active species to happen rapidly. In other words, it depends on the electron 

exchange kinetics between the redox species and the electrode and is affected by surface adsorption 

and the electric double-layer. 

c) Formal potential is the standard potential of a redox couple under specified conditions, Eôꜛ (E1/2). 

1.2.3. Cyclic Voltammetry 

As mentioned in the previous section, the E vs. t plot depends on the specific experiment being 

used. In a cyclic voltammetry (CV) experiment, the potential is swept twice to complete one cycle, 

a forward and reverse scan, as shown in Figure 1.18. 
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Figure 1.18. Applied potential (E) vs. time (t) plot for a cyclic voltammetry experiment. AB is the forward scan, and 

BC is the reverse scan. Solid lines indicate 1st cycle while dashed lines indicate 2nd cycle. 

In Figure 1.18, both scans indicated as AB and BC have the same slope, which is defined as the 

scan rate, ɡ, (V/s). A and C have the same potential. B is called the switching potential. AB should 

be within the solvent and electrolyte windows (the potential window over which the solvent and 

the electrolyte are chemically inert), and the analyteôs redox potential should lie between A and B. 

A typical i vs. t plot for a chemically and electrochemically reversible redox process is shown in 

Figure 1.19. In this plot, ferrocene (Fc) is oxidized to ferrocenium (Fc+) at a scan rate of 2 mV/s. 

The negative current peak is called the anodic peak (Fc Ą Fc+ + e-) while the positive current peak 

is termed the cathodic peak (Fc+ + e- Ą Fc). Note that the terms ñpositiveò and ñnegativeò can flip 

depending on the plotting convention (IUPAC or US).22 However, in all cases,  an anodic peak 

appears when sweeping the potential positively, while the cathodic peak appears when sweeping 

the potential negatively. 
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Figure 1.19. Current response (i) of ferrocene oxidation to a potential sweep (represented in Figure 1.9) plotted vs. t. 

Scan rate: 2 mV/s. 

Combining plots in Figures 1.18 and 1.19, one obtains a cyclic voltammetry (CV) plot in Figure 

1.20H. As described in Eq. 1.14, the current response depends on the concentration profile of the 

analyte at a specified potential and time. For a fully (chemically and electrochemically) reversible 

process, an equilibrium between the concentrations of the oxidized, [Ox], and reduced, [Red], 

forms of the analyte is established according to the Nernst equation:20,22,24 

Ὁ ὉЈ ὰὲ   (1.15) 

where E, R, and T are the applied potential, molar gas constant, and temperature. Figure 1.20H 

represents the reduction of Fc+ to Fc. The potential sweep starts at point A, where only Fc+ is 

present, Figure 1.20A. The potential at this point is too positive to reduce Fc+ to Fc. As the potential 

is negatively swept, an increase in current is observed, indicating the formation of Fc. The start of 

this current increase near 0.1 V is called the onset potential. When E = Eôꜛ, the logarithmic term 

in Eq. 1.15 becomes zero, and, therefore, at the surface of the electrode, [Fc+] = [Fc], Figure 1.20B. 

The concentration change occurs in the region close to the electrode surface (called the diffusion 
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layer) while the analyte in the bulk remains unaffected. At points C and D, where E is more 

negative than Eô, [Fc] increases to more than that of [Fc+] to satisfy the Nernst equilibrium. At 

point D, where the potential is very negative, all of the Fc+ at the electrode surface is now reduced 

to Fc, but current is still observed due to Fc+ slowing diffusion from the bulk to become 

reduced.20,22,24 To relate these current responses to the [Fc+] and [Fc] concentration profiles, the 

slopes of plots A through D in Figure 1.20 can be correlated to the currents observed in Figure 

1.20H as indicated in Eq. 1.14. At point A, the slope of the concentration profile is zero which 

reflects no current increase. In plots B and C, however, the slopes increase, thus increasing current. 

In plot D, the slope decreases compared to C, hence the current decreases. The slope is not zero, 

however, which explains why the current at D did not reach zero. As a result of the increase 

followed by the decrease in current, a peak appears at point C. The same analysis of concentrations 

and currents occurs in Figure 1.20E through G.24 

 

Figure 1.20. Plots (A-G) show concentration profiles of the analyte ferrocenium (blue) and its reduced form 

ferrocene (green). Plot (H) shows current vs potential, CV, of the reduction of ferrocenium to ferrocene. Plot (I) is 

like the plot in Figure 1.18. Adapted from literature.22 
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The value of the peak current (ip) increases linearly with the square root of the scan rate (ɡ) 

according to the Randles-Sevcik equation,22 which is the solution of Eq. 1.14 under the conditions 

of an electrochemically reversible diffusion-controlled CV process: 

Ὥ πȢττφὲὊὃὅЈ ϳ  (1.16) 

where Cꜛ is the bulk concentration of the analyte. Eq. 1.16 is valuable for calculating the diffusion 

coefficient of the analyte. Ideally, for a fully reversible electrochemical process, the absolute 

values of the cathodic peak current (ip,c) and the anodic peak current (ip,a) must be equal. The 

potential separation between these two peaks is close to 59 mV/n. 

To simplify the remaining discussion related to electrochemical catalysis,20 consider the following 

two reactions, representing the catalysis happening in Figure 1.14: 

  (1.17) 

 (1.18) 

where Catox, Catred, S, P, and ke are the oxidized form of a catalyst, the reduced form of a catalyst, 

a substrate, a product, and the rate constant of the limiting step reaction between the reduced form 

of the catalyst and the substrate. Reaction 1.17 is the reversible one-electron reduction of the 

catalyst (Er), while reaction 1.18 is an irreversible chemical reaction between the reduced form of 

the catalyst generated by 1.17 (Ciô). Er, in the absence of Ciô, has a characteristic CV shown in 

Figure 1.21 (black). However, when it is followed by Ciô, Catred will be consumed before it reverts 

to Catox. As a result, the anodic peak corresponding to the reverse scan for reaction 1.17 will 

decrease or diminish depending on the degree of consumption of Catred. The reduction of Catox 

will therefore have a higher current response, resulting from electron transfer in reaction 1.18, and 
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will appear as an irreversible peak, Figure 1.21 (red). The rate constant ke in eq. 1.18 can be 

estimated when electrocatalysis is performed at high scan rates where purely kinetic conditions 

affect the catalytic current and icat has a relatively constant value independent of scan rate.  While 

this mechanism is simple, and more complicated mechanisms might be operative, it is a good 

starting point in evaluating catalytic processes. If the electrocatalytic mechanism can be 

established, other kinetic information can be deduced using only CV experiments.  

 

Figure 1.21. Reversible one electron reduction of a catalyst (black, 1). Irreversible chemical reaction between the 

one electron reduced form of the catalyst and a substrate (red, 2). Blank (dashed blue, 3). Blank with substrate (solid 

blue, 4). icat and ip are the peak currents in the present of a substrate and the absence of a substrate, respectively. The 

potential terms were previously described in Figure 1.6. Adapted from literature6 with modifications. 

1.2.4. Bulk Electrolysis 

While CV experiments glean significant insight into whether catalysis happens and its associated 

kinetics, it does not generate products in quantifiable amounts to characterize them by other means, 

since electron transfer processes happen close to the electrode surface and donôt affect the bulk. 

From its name, bulk electrolysis (BE) is an electrochemical technique that holds the potential at a 

specified value for a defined period of time (in this case, BE is more specifically called controlled 

potential electrolysis, CPE), long enough to convert the entire bulk solution into a desired 
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electrochemical product. In a BE experiment, the mass transfer of an analyte to the electrode 

surface is aided by increasing the surface area of the electrode, introducing a stirring bar, or 

trapping a small volume of the solution in a thin layer against the working electrode (thin layer 

electrolysis). For the products to be completely formed, a potential more negative (in the case of a 

reduction) than the formal equilibrium potential of the system must be chosen, typically between 

points C and D in Figure 1.20H. 

Since the potential during these experiments is constant over time, the plot typically used to 

represent the results of the BE experiment is an i vs. t plot. The current response (for reaction 1.17), 

under conditions where mass transfer is controlled by diffusion and stirring occurs at a constant 

rate, is directly proportional to the bulk concentration of the analyte (Cat), ὅᶻ ὸ:23 

Ὥὸ ὲὊὃά ὅᶻ ὸ  (1.19) 

where mCat is the mass transfer coefficient in cm/s. Recalling from Eq. 1.11, the current is related 

to the redox reaction rate. In terms of the rate of consumption of Cat, due to electrolysis and 

assuming 100% current efficiency, we get:23 

Ὥὸ ὲὊ    (1.20) 

By definition, the concentration of Cat, ὅᶻ ὸ, is mols of P, ὔ ὸ, per volume of solution, V, 

(with the neglection of the concentration difference between bulk and electrode surface). 

Therefore, we obtain:23 

Ὥὸ ὲὊὠ
ᶻ

  (1.21) 

Combining Eqs. 1.21 and 1.19, yields:23 
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ᶻ

ὅᶻ ὸ ὦὅᶻ ὸ (1.22) 

This is a typical first-order reaction with the following solution:23 

ὅᶻ ὸ ὅᶻ πὩ  (1.23) 

Combining equations 1.23 and 1.19, we get:23 

Ὥὸ ὭπὩ   (1.24) 

Therefore, the current response is expected to decay exponentially with time, and a typical i vs t 

experimental curve is presented in Figure 1.22. This response is ideal and based on the assumption 

that the concentration is the same in the bulk and on the electrode surface. 

 

Figure 1.22. Current vs. time plot for a BE experiment. Reproduced from literature.23 

The total charge transferred is the area below the plot in Figure 1.22. For a catalysis process, if 

multiple products are being generated, each product's Faradaic efficiency (FE) can be calculated 

by measuring the charge transferred to form that product using Faradayôs law mentioned in Eq 1.9. 

The FE is therefore given by:23 

ὊὉϷ ρππ ρππ (1.25) 
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The catalyst's turnover frequency (TOF) is defined by the moles of product formed per mole of 

catalyst per unit time, Eq. 1.26. Electrochemically, moles of product are related to the FE in Eq. 

1.25. Therefore, to yield the TOF for the bulk solution:25 

ὝὕὊ
Ͻ

Ͻ

Ͻ
  (1.26) 

TOF can also be determined specifically for the diffusion layer (region close to the electrode 

surface). Kinetic equations derived from mechanistic discussions similar to those described in the 

CV section yield the following:25 

ὝὕὊ   (1.27) 

where iel =(Qtotal×FE)/t. 

1.3. Infrared Spectroelectrochemistry for Mechanistic Studies 

When dealing with redox reactions, reaction intermediates can be investigated using 

spectroelectrochemistry (SEC). From its name, it combines spectroscopy and electrochemistry, 

more specifically CPE (whose fundamentals were explained in Section 1.2.4) to identify the 

properties of the reduced/oxidized species. When a catalyst has functional groups that are infrared 

(IR) reporters, IR-SEC can yield insight into the structure of its redox forms. Hence, to perform 

such an experiment, we need two instruments: a potentiostat and an FTIR spectrophotometer, the 

setup is shown in Figure 1.23. 
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Figure 1.23. FT-IR spectrophotometer coupled with a potentiostat for an IR-SEC experiment. Adapted from 

literature18 with the addition of a potentiostat to illustrate the IR-SEC experiment. 

To couple the electrochemical experiment with the FT-IR experiment, a modified IR cell that 

allows the insertion of electrodes is used, Figure 1.24.26 When the analyte solution is introduced, 

a CV experiment is done at 2mV/s to avoid potential drift caused by iR-drop due to the high 

Faradaic current typical of thin layer cyclic voltammetry.27 When the potential range of the 

analyteôs redox wave is identified, CPE is done in steps (to compensate for the same iR-drop issue) 

over the redox peak range, and an FT-IR spectrum is taken after each potential step when the 

current reaches its plateau. The rear of the back frame is covered with an IR-absorbing material to 

allow light to only pass through the WE and only detect processes occurring at the WE. 
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Figure 1.24. IR-SEC cell. A) when disassembled, (a) assembled back frame, back CaF2 window, and electrode 

module where the electrodes are melt sealed on a polyethylene spacer (0.2 mm thickness) (b) front CaF2 window (c) 

polyethylene spacer (d) front frame with Teflon caps (e) screws to tighten the cell, B) when assembled. 

Two resulting sets of data are therefore obtained: CPE plots (described in Figure 1.22) and the FT-

IR spectra measured as a function of applied potential, Figure 1.25. An initial spectrum is taken 

before applying any potential (black line). The complex studied in this figure is a [ReL2(CO)2]
+, 

where L = 3,4,7,8-tetramethyl-1,10-phenanthroline, which belongs to the C2 point group and 

exhibits two CO stretches of symmetric and anti-symmetric vibrational modes. Upon applying a 

negative potential close to the first electron reduction, the original peaks, corresponding to 

[ReL2(CO)2]
+, decrease while two new peaks, corresponding to the first electron reduced species 

(OERS), [ReL2(CO)2], start to appear. As the applied potential is swept to more negative 

potentials, still in the first electron reduction range, the OERS peak increases while that of 

[ReL2(CO)2]
+ decreases until no more is available to reduce close to the WE. A red shift is 
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observed upon one electron reduction due to the addition of electron density into the slightly 

antibonding sigma orbitals of CO, thus weakening the C-O bonds and decreasing their frequency. 

 

Figure 1.25. FT-IR spectra of CO stretches in a [ReL2(CO)2]+ complex, where L is a diimine ligand, measured as a 

function of applied potential (in mV vs Ag pseudo-reference). Potential range corresponds to the first electron 

reduction. Measured in 0.1 M TBAPF6 in ACN, Pt minigrid WE, Pt minigrid CE, and Ag wire pseudo-reference.  
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Chapter 2: A Rhenium Bis-Tetramethylphenanthroline Catalyst for CO2 

Reduction to Formate 

The contents of this chapter have been submitted to ACS Energy and Fuels and are currently in 

the review process. The contributing authors are listed below: 

Reem T. Alameh1, ÿ, Sarah Arteta1, ÿ, Sergio Fernández2, Mariam Barakat1, Eyram Asempa1, 

Hala Atallah1, Nicolas Durand1, Ciara N. Gillis2, Eric A. Assaf2, Elena Jakubikova1,*, Alexander 

J. M. Miller2,*, and Felix N. Castellano1,*  

1Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204 

2Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-
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ÿR.T.A. and S.A. contributed equally to this work. 

Corresponding e-mail: fncastel@nscu.edu (F.N.C.), ajmm@email.unc.edu (A.J.M.M.), 

ejakubi@ncsu.edu (E.J.) 

I did the cyclic voltammetry (CV) experiments without additives, the CV experiments in the 

presence of 5% H2O, and the infrared spectroelectrochemistry (IR-SEC) experiments in the 

absence of additives. Sarah Arteta did the CV experiments in the presence of additives and the 

controlled potential electrolysis (CPE) and product analysis with the additives. Dr. Sergio 

Fernández did CPE and product analysis in the presence of 5% H2O and the IR-SEC experiments 

in the presence of additives. Mariam Barakat did the theoretical calculations for the ligand-based 

hydride mechanism. Dr. Eyram Asempa did the theoretical calculations for the CO deligation 

mechanism. Dr. Hala Atallah and Dr. Nicolas Durand synthesized the ReI complexes used in this 

paper. 

2.1. Abstract 

Catalytic CO2 reduction reactions featuring high selectivity toward formate are relatively rare. In 

some systems, the use of triethylamine (TEA) and isopropanol (IPA) as additives has been 

observed to improve catalytic performance to produce formate. In this work, we investigate 

whether the rhenium(I) bis-diimine dicarbonyl complexes, cis-[Re(N^N)2(CO)2]
+, where N^N is 

mailto:fncastel@nscu.edu
mailto:ajmm@email.unc.edu
mailto:ejakubi@ncsu.edu
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2,2'-bipyridine ([1]+) or 3,4,7,8-tetramethyl-1,10-phenanthroline ([2]+), are capable of 

electrocatalytically reducing CO2 to formate. Catalyst [1]+ was ineffective at CO2 reduction, 

yielding formate quantities comparable to those produced in experiments without the catalyst. 

Catalyst [2]+, however, is a promising electrocatalyst for the CO2 reduction reaction in the presence 

of TEA and IPA, with formate being produced in millimolar concentrations (10.5 mM) as detected 

by 1H NMR spectroscopy after 6-hour electrolysis (Faradaic efficiency = 11%). Upon more 

detailed examination, [2]+ exhibited a turnover frequency (TOF) of 12 s-1 for formate, comparable 

to other leading molecular catalysts that competently execute this reduction. Combinations of 

spectroscopy, electrochemistry, and theory were used to better understand the mechanism of CO2 

reduction by [2]+. Fourier transform infrared spectroelectrochemical (FTIR-SEC) data provided 

no evidence for CO ligand dissociation or substitution upon one- and two-electron reduction of 

[2]+, suggesting that a mechanism distinct from one that is metal-hydride-based is operative in 

catalysis. Computational studies guide mechanistic investigations toward the proposed formation 

of a hydrophenanthroline-based intermediate responsible for hydride transfer to CO2 and 

electrocatalytic formate production from [2]+.   

2.2. Introduction  

Human reliance on fossil fuel resources significantly contributes to increasing CO2 emissions and 

rising global temperatures. Therefore, synthesizing renewable fuels using CO2 reduction reactions 

(CO2RRs) remains a crucial field of investigation. Various approaches to CO2RRs have been 

developed, including hydrogenation catalysts,1 catalytic nanomaterials,2,3 heterogeneous 

catalysts,3,4 and homogeneous molecular catalysts leveraging proton-coupled electron transfer 

(PCET) mechanisms.5,6 Electrocatalytic and photocatalytic homogeneous systems designed 

explicitly for CO2RRs have been widely investigated.5,7ï9   
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Various rhenium(I) and ruthenium(II) based transition metal complexes are promising catalysts 

for CO2RRs.8 In rhenium(I) complexes, investigations have focused primarily on ligand tuning of 

fac-Re(N^N)(CO)3Cl (where N^N = 2,2ô-bipyridine (bpy) and its derivatives), mainly resulting in 

selective CO2 to CO conversion.10ï15 Few examples of molecular rhenium-based electrocatalysts 

produce formate in CO2RRs;16 however, thermal CO2 hydrogenation has been recently 

demonstrated in a rhenium pincer catalyst.17 The earliest work18 was conducted on 

Re(bpy)(CO)3H, which produced a coordinated formato ligand upon thermal insertion of CO2 into 

the metal-hydride bond. The release of formate, however, was inhibited due to the inherently 

strong Re-O bond formed in the insertion product.18ï21 Relatedly, cis-[Ru(N^N)2(CO)2]
2+ 

complexes were found to release mixtures of formate and CO upon CO2RR catalysis.22ï24 

A recent investigation25 pointed to the possibility of using a rhenium(I) complex based on a 

dicarbonyl ligand platform, cis-[Re(bpy)2(CO)2]
+ ([1]+), as a photocatalyst for the selective 

reduction of CO2 to formate. Inspired by this rare example of formate production by a rhenium(I) 

complex, the current work examines the possibility of using [1]+ for electrocatalytic conditions. A 

new plausible catalyst is then introduced, cis-[Re(tmp)2(CO)2]
+ ([2]+), where tmp is 3,4,7,8-

tetramethyl-1,10-phenanthroline (Figure 2.1).26 In acetonitrile/water mixtures, neither [1]+ nor [2]+ 

showed promising electrocatalytic activity, with formate produced in trace amounts only for [2]+. 

Recent results have successfully achieved enhanced CO2-to-formate electrocatalysis using an 

amine base and isopropanol (IPA) added to the acetonitrile/electrolyte solutions.27ï32 Echoing this 

approach, the addition of triethylamine (TEA) and IPA to the electrocatalysis solutions containing 

[1]+ or [2]+, formate was readily detected using 1H NMR and FT-IR spectroscopy under various 

controlled potential electrolysis (CPE) experimental conditions, with [2]+ rapidly generating 

millimolar quantities. Significantly lower amounts of formate were produced from [1]+, having a 



   

40 

 

similar magnitude to that produced from electrolysis solutions that omitted the catalyst. 

Consequently, [1]+ was not further investigated in the mechanistic proposals. Fourier transform 

infrared spectroelectrochemistry (FTIR-SEC) provided no evidence for releasing a CO ligand after 

either one- or two-electron reduction of [2]+, implying a ligand-based catalytic process. 

Computational mechanistic studies guided a proposal of a reduced diimine ligand-based 

intermediate responsible for CO2 binding and electrocatalytic formate production from [2]+. Our 

combined findings recommend the broader exploration of electron-rich [cis-Re(N^N)2(CO)2]
+ 

platforms,25,26,33,34 as well as other classes of transition metal complexes/organometallics applied 

to electrocatalytic CO2RRs leveraging ligand-based reduction mechanisms.   

 

Figure 2.1. Molecular structures of the molecules investigated. Both triflate [1][OTf]  and hexafluorophosphate 

[1][PF6] were evaluated in [1]+ and [2]+. 

2.3. Results and Discussion 

2.3.1. Catalytic Activity Assessments 

2.3.1.1. Cyclic Voltammetry Profiles 

Cyclic voltammetry (CV) of 1 mM [1][PF6] in acetonitrile (ACN) exhibits two reversible peaks at 

-1.71 and -1.92 V vs. Fc+/0 under N2, consistent with prior observations25,26 of sequential one-

electron reductions of the 2,2'-bipyridine ligands in [1]+. As shown in Figure 2.2a, the CV 

responses of [1][PF6] under saturated N2 and CO2 conditions are identical. This immediately 

suggested that [1]+ has low activity towards the CO2RR in ACN without any additives. When 
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voltammograms of [1]+ were obtained in the presence of 2 M triethylamine (TEA) and 2 M 

isopropyl alcohol (IPA) in an inert atmosphere, two reductions were again observed (Figure 2.2b), 

with the second reduction being irreversible with a current maximum at -2.07 V vs. Fc+/0. A 

significant current enhancement was observed after sparging the ACN/TEA/IPA solution with 

CO2, suggesting catalytic CO2 reduction or hydrogen evolution initiated at the second reduction 

(current maximum at -2.08 V vs. Fc+/0, Figure 2.2b). In recent literature, similar activation has 

been attributed to an acid-base reaction where TEA, IPA, and CO2 led to the protonation of TEA 

and the formation of isopropyl carbonate, resulting in a slightly acidified solution and, therefore, 

promoting proton shuttling through TEA.27ï29  

Next, the electrochemical properties of the tmp complex [2]+ were examined because it is known 

that the electron-rich ligands in rhenium(I) diimine tricarbonyl species increase turnover 

frequencies for CO2 reduction.35 CV of 1 mM [2][OTf]  in ACN under N2 (Figure 2.2c) yielded 

two reversible waves at -1.96 and -2.12 V vs. Fc+/0, corresponding to the previously assigned one-

electron reductions of each of the tmp ligands in [2]+.25 The electron-rich nature of tmp leads to 

ca. 200 mV cathodic shifts in the reduction potentials in [2]+ compared to [1]+. Upon the 

introduction of dissolved CO2, both reduction waves in [2]+ changed shape (Figures 2c and S2.3), 

now having current maxima at -2.0 vs. Fc+/0 and -2.22 vs. Fc+/0. The irreversibility paralleled with 

a significant current increase at the second electron reduction suggests CO2 reduction and/or 

hydrogen evolution electrocatalysis.  

The CV was repeated in the presence of 2 M TEA and 2 M IPA. Under an inert atmosphere, the 

reductions of [2]+ became irreversible, with current maxima at -1.98 and -2.20 vs. Fc+/0, Figures 

2.2d and S2.4, consistent with a chemical reaction upon reduction in the presence of TEA and IPA. 

The corresponding CV under CO2 was observed to generate significantly higher currents at both 
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reductions (current maxima at -2.0 and -2.25 vs. Fc+/0) and was found to be irreversible. These 

changes are attributed to the protonation of TEA driving the CO2RR and hydrogen-evolving 

electrocatalysis. The combined CV data implies that in the presence of TEA and IPA, both [1]+ 

and [2]+ have enhanced catalytic activities, with [2]+ demonstrating a superior catalytic current.  

 

Figure 2.2. Cyclic voltammograms measured against an internal Fc+/0 reference in the presence and absence of CO2 

for (a) [1][PF6] without additives, (b) [1][PF6] with 2 M TEA and 2 M IPA, (c) [2][OTf]  without additives, and (d) 

[2][PF6] with 2 M TEA and 2 M IPA. General conditions: 1 mM catalyst; 0.1 M (a, c) or 0.25 M (b, d) TBAPF6 in 

ACN; glassy carbon working electrode; Pt coil counter electrode; Ag/AgNO3 (0.01 M) reference electrode (a, c) or 

Ag wire pseudo-reference (b, d); scan rate = 100 mV/s. 

2.3.1.2. Controlled Potential Electrolysis and Product Analysis 

To quantify the products of CO2 reduction by [1]+ and [2]+, controlled potential electrolysis (CPE) 

experiments in ACN containing 2 M TEA and 2 M IPA with a 1 mM catalyst loading were 

conducted. The results are summarized in Table 2.1, with total charge passed (QC) as a measure of 

activity and the Faradaic efficiency (FE) for formate as a measure of selectivity. However, as 
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shown in Table 2.1, there is a consistent disparity in the Qc, which has been attributed to variation 

in the surface area generated during the preparation of the RVC working electrode, attributed to 

the inherent fragility of RVC.36,37 The thermodynamic potential for CO2 reduction to formate under 

these conditions is ca. ï1.5 V vs. Fc+/0 [pKa (ACN/IPA/TEA/CO2/TBAPF6) ~ 22],38,39 so the 

experiments were performed at an overpotential of 400 to 600 mV. 

The gaseous products CO and H2 were quantified by gas chromatography in representative 

experiments, which established that most charge passed during CPE goes to H2 (84% FE) 

evolution, with only traces of CO released (2% FE). Formate was quantified by quantitative 1H 

NMR (qNMR) spectroscopy with mesitylene as an internal standard, Figures S2.8-S2.16. 

Reactions were conducted with both natural abundance and 13C-labeled CO2 to ensure the origin 

of the products. After electrolysis, 1H NMR spectra showed the diagnostic resonance for formate, 

split into a doublet (JCH = 180 Hz) when a 13CO2 atmosphere was employed, Figure 2.3. 

Additionally, FTIR-SEC was used to monitor the reaction in a thin-layer cell during CO2 reduction 

under the conditions described above (Figure 2.4a). A vibrational signature characteristic of 

formate was observed at 1610 cm-1 (Figure 2.4a), which appears at 1569 cm-1 under 13CO2 

atmosphere, as expected for H13CO2
- (Figure S2.21).40 

 



   

44 

 

 

Figure 2.3. Electrocatalytic reduction of CO2 using [2][PF6] and product analysis by 1H-NMR. General conditions: 1 

mM [2][PF6]; 0.25 M TBAPF6  in ACN; 2 M TEA and 2 M IPA. (a) Current vs time (min) plot of 6 h electrolysis. 

(b) 1H-NMR spectrum taken after 3 h of CPE under 13CO2. (c) 1H-NMR spectrum taken after 6 h of CPE under 
12CO2. General conditions for NMR: 0.45 mL aliquot in 0.1 mL THF-d8. 

 

Figure 2.4. Detection of formate as a product from CO2RR by FTIR-SEC. (a) FTIR-SEC data obtained on a solution 

containing [2]+ (1 mM) and TBAPF6 (0.1 M) in ACN in the presence of TEA (2 M) and IPA (2 M) under CO2 using 

Au mini-grid working electrode, Pt mini-grid counter electrode, and Ag wire pseudo-reference. (b) FTIR spectrum 

of an authentic sample of [TBA][HCO2] under N2 and CO2. The dashed blue lines indicate the energies of the 

bicarbonate peak growth centered at 1655 cm-1 and the formate peak growth at 1610 cm-1.40 



   

45 

 

Control experiments without a catalyst produced only 0.2-0.3 mM formate in 6 hours (Table 2.1). 

Bipyridine-based complex [1]+ did not produce activity beyond this background. Complex [2]+ 

exhibited high activity for formate and H2 production (Table 2.1). The tmp-based catalyst [2]+ 

produced up to 11.1 mM formate with FE = 12.1 %. This superior performance of [2]+ parallels 

the results obtained in the CV experiments. As a result of this quantitative product analysis, we 

focused exclusively on [2]+ from this point forward since it is the more promising catalytic species 

for producing formate from CO2.  

Based on the CV of [2]+ in the presence of CO2 (Figure 2.2d), there was an observed current 

increase in both the 1st and 2nd reductions, suggesting that formate might also be generated during 

the 1st reduction. To explore this possibility, CPE experiments were performed at the current 

maximum of the 1st reduction (-2.0 V vs. Fc+/0) and 100 mV below (-1.9 V vs. Fc+/0). In both cases, 

formate was still generated (Table 2.1), demonstrating that overpotentials as low as ca. 400 mV 

were accessible with this catalyst, albeit with slightly lower activity.  

To obtain a turnover frequency (TOF), we determined that under catalytic conditions (2 M TEA, 

2 M IPA, and CO2 atmosphere) [2]+ demonstrated an S-shaped catalytic wave. When the catalytic 

wave approaches pure kinetic conditions, the kobs was determined to be 121 s-1
.
41 This was then 

combined with a relatively low FE for formate generation (approximately 10 %) yielded a TOF of 

12 s-1 (Table S2.2 and Figure S2.22). The TOF was found to be comparable to other leading 

molecular catalysts,42 ultimately producing formate in high concentrations (up to 11 mM) in 6 h. 

We note that such formate concentrations are suitable as a feedstock for one-pot cascade catalysis 

to produce methanol.43  
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Table 2.1. Summary of CPE experiments. qNMR yields, applied potential (Eapp), FE of formate, and charge passed 

(Qc) during CPE experiments. General conditions: 1 mM catalyst; 0.25 M TBAPF6 in ACN; 2 M TEA and 2 M IPA; 

RVC working electrode; Pt coiled counter electrode; Ag wire pseudo-reference; under static CO2. 

 

2.3.2. Mechanistic Studies 

FTIR-SEC studies were conducted under various experimental conditions to probe the 

coordination environment of the reduced forms [2]+, visualized using its CO stretching vibrations. 

Additionally, calculations were performed to support the FTIR-SEC results and propose 

reasonable reaction paths. One plausible sequence involves the release of one or more CO ligands 

to open a reactive site at the metal, which could produce a metal hydride intermediate. We 

hypothesized that FTIR-SEC monitoring of the two CO stretches as a function of applied potential 

(potentials based on the CV data presented in Figure S2.23) would readily establish whether CO 

dissociation occurred. Figure 2.5a (black line) showed two FTIR peaks for the symmetric and 

antisymmetric stretches of CO at 1909 and 1836 cm-1 of [2][OTf] . Upon one-electron reduction, 

the two vibrations disappeared and were replaced with another pair of peaks red-shifted to 1878 

and 1801 cm-1 and attributed to the one-electron reduced species, denoted as [2]0 (Figure 2.5a, red 

line). Upon the second one-electron reduction, the signals for [2]0 were replaced by another pair 

of CO stretches, even further red-shifted to 1850 and 1770 cm-1 and attributed to the doubly 

reduced species, denoted as [2]ï (Figure 2.5a, blue line). Although both CO ligands are retained 

under CO2 saturation in the FTIR-SEC analysis, distinct species are produced. Performing the 
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reduction under a CO2 atmosphere, a new intermediate was observed at 1873 and 1796 cm-1, 

featuring a 5 cm-1 red-shift compared to the vibrations of [2]0 (Figure 2.5b, purple line). This 

change at the first electron reduction mirrors the reversibility profile differences and catalytic 

responses observed in the CV scans in Figures 2.2c, 2.2d, S3, and S4. A further red-shifted species 

appeared at 1834 and 1751 cm-1 at more reducing potentials, indicating the generation of a new 

Re(CO)2 intermediate distinct from [2]-. 

 

Figure 2.5. FTIR-SEC data of [2][OTf]  in ACN. General conditions: Au mini-grid WE; Pt mini-grid CE; Ag wire 

pseudo-reference; 0.1 M TBAPF6 in ACN; -1.5 V is -0.1 V past E1/2 of the first electron reduction, while -1.6 V and 

-1.9 V are -0.1 V and -0.3 V past the second electron reduction, respectively. (a) 1 mM [2][OTf]  measured under N2 

and (b) 1 mM [2][OTf]  measured under CO2. 

The persistence of the distinct IR pattern of the Re(CO)2 dicarbonyl moiety effectively rules out 

CO dissociation as a relevant step in the CO2 reduction mechanism. The calculations presented in 

Scheme S2.1 are consistent with the FTIR-SEC experiments (Figure 5) in that such a route is 

unfavorable. The Re-CO bonds in [2]0 and [2]- are relatively strong, resulting in high dissociation 

energies of + 47 and + 49 kcal/mol, respectively. The favorable dissociation of CO ligand in 

[Re(bpy)(CO)4]
0 has been previously calculated to be 9.8 kcal/mol,44 which is significantly lower 

than the values for [2]0 and [2]-. Therefore, the mechanism(s) for CO2 reduction by [2]+ is likely 

distinct from the cis-[Ru(bpy)2(CO)2]
2+ analog22 and Re(N^N)(CO)3X complexes,14 which have 
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irreversible waves attributed to the release of a monodentate ligand (CO in the former and the 

halide X in the latter), thereby opening a metal-based coordination site. 

Ligand-based catalytic pathways for H2 and formate evolution have been reported in the 

literature.45,46 The changes occurring in the presence of CO2 and/or additives between the first and 

second electron reductions of [2]+ (Figures 2.2c, 2.2d, and 2.5b) suggest an ECE (electron transfer 

ï chemical reaction ï electron transfer) mechanism. Therefore, we are proposing the mechanism 

presented in Scheme 2.1. In this reaction sequence, [2]+ is reduced by one electron (E1/2(exp) = -1.96 

V vs. Fc+/0, E1/2(calc) = -1.78 V vs. Fc+/0), yielding [2]0, which is in turn reduced either stepwise or 

in a concerted fashion to the hydrophenanthroline complex [2-H]0. This pathway directly tracks 

the ECE mechanism mentioned above. Namely, [2]0 readily abstracts a proton from 

triethylammonium with a ȹG = -0.01 kcal/mol. The resulting protonated species [2-H]+ has a 

calculated reduction potential of -0.62 V vs. Fc+/0. This is significantly lower than the experimental 

energy necessary to produce [2]0 (E1/2(exp) = -1.96 V vs. Fc+/0), leading to rapid [2-H]0 generation. 

The produced [2-H]0 is then further reduced at a calculated potential of - 2.07 V vs. Fc+/0 to 

generate [2-H] -, which is considered the active species. The observed catalysis in the experimental 

cyclic voltammograms has a current peak maximum at -2.25 V vs. Fc+/0. Reacting with CO2, [2-

H] - favorably produces formate with a ȹG = - 3.07 kcal/mol yielding [2]0. Additionally, [2-H] - 

was shown to be highly competent for reaction with triethylammonium to liberate H2 gas at a ȹG 

= -25 kcal/mol; this calculation supports the observation of H2 gas being the major identified 

electrocatalysis product in terms of FE if [2-H] - is indeed the key intermediate.  
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Scheme 2.1. Proposed mechanism for the CO2RR using [2]+ as a catalyst in the presence of TEA and IPA. The black 

dot indicates the start of the mechanism. ȹG are in kcal/mol, E are in eV, and CPET is in eV. A stepwise reaction 

scheme summarizing this proposed mechanism can be found in the SI, Eqs. S2.1-S2.7. 

The proposed mechanism in Scheme 2.1 was investigated with the assistance of FTIR-SEC under 

N2 in the presence of triethylammonium hexafluorophosphate, [Et3NH][PF6], to mimic the proton 

donor generated in the presence of IPA, TEA, and CO2, Figure 2.6a. Before any potential was 

applied to the system (Figure 2.6a, black line), the symmetric and antisymmetric stretches of the 

coordinated CO ligands in [2]+ were located at 1911 and 1842 cm-1. Upon one-electron reduction 

(Figure 2.6a, red line), [2]+ converted quantitatively into [2]0, with IR bands shifted to 1880 and 
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1804 cm-1. A subsequent species developed after an additional 100 mV potential was applied (1875 

and 1799 cm-1), red-shifting 5 cm-1 in comparison to [2]0 (Figure 2.6a, purple line). An additional 

IR band was also observed near ~1653 cm-1. These experimental vibrations resemble the calculated 

IR spectrum of [2-H]0, Figure 2.6b. The additional 1653 cm-1 feature is consistent with the 

calculated band centered at 1685 cm-1, corresponding to the C=C stretch in the reduced 

hydrophenanthroline-based ligand. When the potential was swept further negative (Figure 2.6a, 

green line), the [2-H]0 species depleted, and another emerged that resembled the calculated 

spectrum of [2-H] -, featuring vibrational frequencies at 1843, 1757, and ~1635 cm-1 that 

superimpose the experimental spectrum.  

 

Figure 2.6. FTIR-SEC data of [2][OTf]  in ACN in the presence of [HNEt3][PF6]. General conditions: Au mini-grid 

WE; Pt mini-grid CE; Ag wire pseudo-reference; 0.1 M TBAPF6 in ACN; -1.5 V is -0.1 V past E1/2 of the first 

electron reduction, while -1.6 V and -1.9 V are -0.1 V and -0.3 V past the second electron reduction, respectively. 

(a) 5 mM [2][OTf]  in the presence of [HNEt3][PF6] under N2. (b) computed in ACN. 

Although ligand-centered hydrides have been previously proposed as active intermediates in 

electrochemical HER45,47,48, they are rarely invoked in CO2 reduction, with some examples even 

leading to catalyst decomposition.49 Complex [2]+ is a unique example where the ligand 

protonation leads to effective hydride transfer to CO2 while offering a robust platform for 

electrocatalytic turnover. 
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2.4. Conclusions 

This study explored the use of two cis-[Re(N-N)2(CO)2]
+ complexes for the electrocatalysis of 

CO2 to formate. Electrochemical and bulk electrolysis studies combined with product analysis and 

computational studies demonstrated that [2]+ was superior in catalyzing the CO2RR, yielding 

formate in millimolar concentrations in a few hours with a TOF of 12 s-1, albeit at low FEs. FTIR-

SEC experiments combined with theoretical calculations suggest that [2]+ undergoes a mechanism 

involving the formation of a ligand-based hydride as an intermediate to the production of formate. 

Overall, [2]+ represents a promising candidate for achieving efficient formate production from 

dissolved CO2 in electrocatalysis and inspires the design of ligand-based platforms to enable CO2-

to-formate reduction chemistries.    
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2.6. Supporting Information  

2.6.1. Experimental Section 

2.6.1.1. General Considerations 

Unless otherwise specified, all chemicals were used as received. The purity of TBAPF6 was 

ensured by recrystallization from ethanol, where the resulting white, needle-shaped crystals were 

vacuum-dried and stored under nitrogen. 

Unless otherwise specified, 1H NMR spectra were obtained on a Bruker NEO 400 MHz NMR 

spectrometer. Electrochemical studies were done using a WaveDriver bipotentiostat or a Wave 

Now Wireless potentiostat controlled with Aftermath software (Pine Research Instrumentation) or 

a BASi Epsilon potentiostat controlled with Epsilon software. For electrochemical experiments, 

solutions were sparged for 20 mins with either N2 to remove oxygen or CO2 to be saturated as the 

substrate. An Agilent 8890 gas chromatograph, with CarbonPlot and Molsieve 5 columns in series 

and a TCD-FID dual detector equipped with a methanizer attachment, was used to analyze gaseous 

products. 

2.6.1.2. Synthesis 

Compounds [1][OTf] , [1][PF6], [2][OTf] , [2][PF6], [TBA][HCO2], and [HNEt3][PF6] were 

synthesized and yielded 1H NMR and FT-IR spectra consistent with previously published 

work.26,40,50 

2.6.1.3. Electrochemistry 

All cyclic voltammetry (CV) experiments were conducted using a BASi Epsilon potentiostat and 

a low-volume three-electrode cell obtained from Pine Research Instrumentation, Inc. An electrode 

set consisting of a glassy carbon working electrode (3.0 mm disc OD), Pt wire counter electrode, 
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and Ag/AgNO3 (0.01 M in ACN) or an Ag wire pseudo-reference was used. Approximately 5 mL 

sample solutions of 1 mM Re(I) complex in 0.1 M or 0.25 M TBAPF6 in ACN. A continuous flow 

of N2, Ar, or CO2 was maintained in the headspace during scan acquisition to guarantee the absence 

of oxygen. If applicable, distilled water (5% by volume) or a mixture of TEA (2 M) and IPA (2 

M) was added to the electrolyte solution. Ferrocene was added after each experiment as an internal 

standard to reference the applied potentials. CVs were measured at a scan rate of 100 mV/s, with 

reproducibility ensured by at least two repetitive trials and distinct trials between two different NC 

State and UNC laboratories. 

2.6.1.4. Controlled Potential Electrolysis (CPE) and Product Analysis 

CPE without TEA and IPA, but in the presence of 5 % water, were performed using a Pine 

Research Wave Driver bipotentiostat in a custom two-compartment electrochemical cell, Figure 

S2.1a. Both compartments' headspace was connected by a Kontes valve that remained open. The 

cathodic chamber held a glassy carbon rod as the working electrode and a silver wire pseudo-

reference electrode (silver wire in a glass capillary containing 100 mM TBAPF6/MeCN solution 

separated from the cell with porous glass frit tip).  A platinum coil was used as a counter electrode 

in the anodic compartment. The solutions of both compartments were sparged with CO2 for 20 

min. CV was performed to confirm the desired applied potential using a glassy carbon working 

electrode (pretreated by conducting multiple CV scans in 100 mM TBAPF6 in MeCN and drying 

under a stream of N2). After returning the glassy carbon rod to the cell, CPE was performed by 

applying the desired potential under vigorous stirring (1500 rpm).  At the end of the electrolysis, 

the side arm key in the working compartment was opened to let the headspace equilibrate for 10 

minutes (see Figure S2.1a). A liquid sample aliquot (450 µL) was taken from the working 

compartment, and mesitylene or 1,3,5-trimethoxybenzene (1,3,5-TMB) were used as integral 
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standards for quantifying formate in CD3CN (50 µL) by 1H NMR spectroscopy (Figure S2.19). A 

singlet at 173.25 ppm in 13C{1H} NMR spectra further confirms the presence of formate (Figure 

S2.20). 

CPE in the presence of 2 M TEA and 2 M IPA experiments were conducted with a BASi Epsilon 

potentiostat, using a three-electrode set-up, and custom-made low-volume H-cell by Merge 

Scientific Solution, LLC (Figure S2.1a). For the cathodic chamber, a one-time used working 

electrode made of reticulated vitreous carbon (RVC) pierced by a 0.5 mm graphite connected to a 

platinum electrode (from CHInstruments) by coiling a copper wire (30 gauge, 0.26 mm). The 

copper wire and platinum electrode did not make direct contact with the electrolyte solution at any 

point during the setup or CPE experiment. The reference electrode was a silver wire pseudo-

reference within a glass capillary containing 250 mM TBAPF6/ACN solution separated by a 

porous glass frit tip (from Pine Research). The anodic chamber contained a platinum coil acting as 

the counter-electrode which was separated from the cathode by a fine frit. An air bridge connected 

the upper part of the H-cell to allow gas to equilibrate. Both chambers contained 2.0 mL of 

electrolyte solution consisting of: 2 M TEA, 2 M IPA, 250 mM TBAPF6, and ACN as the solvent. 

The cathode also contained 20 mM of mesitylene (used as an NMR internal standard), a stir bar, 

and 1 mM of either [1]+ or [2]+. The electrolyte solution was sparged with CO2 for 10 min before 

performing the electrolysis at the desired potential. After the electrolysis, 0.45 mL aliquot was 

added to an NMR tube spiked with 0.1 mL of THF-d8. The NMR data were collected on a Bruker 

NEO 400 MHz spectrometer equipped with a room-temperature 5-mm BBER probe (Bruker). 

Solvent suppression data utilized a modified zgpr pulse sequence with a 17 del, 15 seconds of 

which were prior to a 2 second presaturation pulse, with the offset centered on the shift for ACN 

(1.99 ppm). Spectra were collected with two dummy scans, 32 scans, a spectral width of 20.4851 
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ppm and an acquisition time of 2 seconds. The offset and 90 degree pulse width were calibrated 

automatically for each sample using Bruker's pulsecal and bt_calibrate_o1 AU programs. 

The NMR yield for the CPE experiment was calculated using a known concentration of mesitylene 

(20 mM) at 6.66 ppm (3H) and formate at 8.50 ppm (1H) (as shown in Figure S2.8 to S2.16). The 

integrated area of mesitylene was set to 3 and the concentration of formate generated for the CPE 

experiment (in mM) was calculated using the following equation: 

Ὄὅὕ άὓ  

ὃὶὩὥ έὪ Ὄὅὕ
ρ ᶻὓὩίὭὸὰώὰὩὲὩ άὓ

ὃὶὩὥ έὪ ὓὩίὭὸὰώὰὩὲὩ  
σ

ὃὶὩὥ έὪ Ὄὅὕ ᶻὓὩίὭὸὰώὰὩὲὩ άὓ 

The faradaic efficiency (FE%) was calculated using the total charge passed (Qc) during the CPE 

experiment and the mol of formate (2n) produced as calculated from the NMR yield, as shown 

below: 

ὊὉϷ  
ςὲὌὅὕ Ὂz

ὗ
 

where F is Faradayôs constant (96485 C/mol). 

At the end of the electrolysis, the side arm key in the working compartment was opened to let the 

headspace equilibrate for 10 minutes (see Figure S1b). After equilibrating, 500 µL headspace 

samples were taken from above the compartment solution with a gas-tight syringe and analyzed 

by gas chromatography results can be found in Figure S2.17.  
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2.6.1.5. Estimation of kobs and TOFHCO2- from cyclic voltammetry 

kobs can be determined from a cyclic voltammetry when the catalytic wave approaches pure kinetic 

conditions (an S-shape catalytic wave) by using the following expression:41 

Ὥ

Ὥ
ςȢςτ

ὲ

ὲ

ὙὝ

ὲὊ

ρ

ὺ
Ὧ  

where ip is the cathodic peak current in the absence of substrate (Figure S2.22A), ic is the plateau 

of the catalytic wave (Figure S2.22B), u is the scan rate of the CV, nc the number of electrons 

involved in the catalytic reaction (2) and np is the number of electrons involved in the absence of 

catalysis (2). 

By taking the ic/ip value at 0.9-1 V/s (Table S2.2), where the CV approaches pure kinetic conditions 

(S-shape catalytic wave), we can estimate an average kobs of 121 s-1. By considering that 

approximately 10% of the current is used for the reduction of CO2 to HCO2- (faradaic efficiency 

of ca. 10%) we can estimate a TOFHCO2- = 12 s-1. 

2.6.1.6. FTIR-SEC Experiments 

FTIR-SEC measurements were performed with a BASi Epsilon potentiostat and a Bruker Vertex 

80v spectrophotometer or a Nicolet iS5 FT-IR equipped with a iD1 transmission accessory 

(Thermo scientific). Samples with the same electrochemical conditions mentioned above were 

prepared in an N2-filled glovebox and injected into an airtight cell designed by Prof. Frantisek 

Hartl.51,52 The cell was modified from an optically transparent thin layer cell (Omni-Cell from 

Specac) with CaF2 windows to be adapted for spectroelectrochemistry (Au minigrid working 

electrode, Pt minigrid counter electrode and Ag wire pseudo-reference). For experiments in the 

presence of CO2, sample solutions were saturated with CO2 before injection into the cell under a 
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CO2 atmosphere in a polyethylene glove bag (Thermo ScientificTM). Controlled potential 

electrolysis (CPE) was performed 30 seconds before the FT-IR scan. CPE potentials were based 

on thin-layer CVs taken in the IR-SEC cell at a scan rate of 2 mV/s. 

2.6.1.7. Computational Methods 

The Re(I) dicarbonyl complexes were optimized using the B3LYP functional53ï56 with Grimmeôs 

D3 dispersion correction.57 The SDD + f effective core potential (ECP) and associated basis set 

were used to describe the Re center,58,46 and the 6-311G* basis set was used for all other atoms (C, 

H, N, and O).59,60 Frequency calculations were performed to confirm that all optimized structures 

correspond to a local minimum on their respective potential energy surfaces. An ultrafine grid was 

used in all calculations, and solvent effects (acetonitrile) were included via the polarizable 

continuum model (PCM).49 The Gibbsô free energy for each computed structure was obtained by 

adding the thermochemical corrections from the frequency calculations (298.15 K and 1.0 atm) to 

the single point energy. Calculated reduction potentials (E°) were determined vs Fc+/Fc through 

Eq. 3: 

                                                      ὉЈ Ὡὠ  
 
τȢφψ                                             (3) 

æGsol is the change in solvated free energy upon reduction, n is the number of electrons 

transferred, and F is Faradayôs constant. The calculated potentials are referenced to SCE by 

subtracting the absolute reduction potential of NHE, 4.28 V,50 which was determined by the 

aqueous solvation free energy of the proton, 265.9 kcal/mol, and converting the value relative to 

Fc+/Fc . CPET is calculated as shown in Scheme S2.2. All calculations were carried out using the 

Gaussian 16 software package (Revision A.03).51  
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Figure S2.1. Cell used for the controlled potential electrolysis experiments. (a) Was used at UNC and (b) was used 

at NC State laboratories. 

 

Figure S2.2. Working electrode used for controlled potential electrolysis experiments. 
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2.6.2. Cyclic Voltammograms (CVs) 

 

Figure S2.3. Cyclic voltammograms of catalyst [2][OTf]  (1 mM) CO2 in ACN (0.1 M TBAPF6). WE: GC (3.0 mm 

disk OD); CE: Pt coil; reference: Ag/AgNO3 (0.01 M); scan rate: 100mV/s. 

 

Figure S2.4. Cyclic voltammograms of catalyst [2][PF6] (1 mM) in 2 M TEA, 2 M IPA and ACN (0.25 M TBAPF6). 

WE: GC (3.0 mm disk OD); CE: Pt coil; reference: Ag wire; scan rate: 100mV/s. 
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Figure S2.5. Cyclic voltammograms of catalyst tmp (1 mM) CO2 in 2 M TEA, 2 M IPA, and  ACN (0.1 M 

TBAPF6). WE: GC (3.0 mm disk OD); CE: Pt coil; reference: Ag wire; scan rate: 100mV/s. 

 

Figure S2.6. Cyclic voltammograms of catalyst [2]OTf  (1 mM) CO2 in 20 mM [HNEt3]PF6 and ACN (0.1 M 

TBAPF6). WE: GC (3.0 mm disk OD); CE: Pt coil; reference: Ag wire; scan rate: 100mV/s. 
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Figure S2.7. Cyclic voltammograms of the catalysts (1 mM) taken in a ACN/H2O (95:5) solution of 0.1 M TBAPF6 

under inert and CO2 saturated conditions.  (a) [1][PF6] and (b) [2]OTf  (1 mM). WE: GC (3.0 mm disk OD); CE: Pt 

coil; reference: Ag wire; scan rate: 100mV/s. 

Table S2.1. Reduction potentials of [1]+ and [2]+ under various conditions. 

 

(-) means no additives. (r) means reversible and (i) means irreversible. For reversible reductions, E1/2 was reported 

while the potential at the current maximum was reported for irreversible reductions. 

2.6.3. Spectra for Product Analysis of CPE Samples 
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Figure S2.8. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.0 V vs. Fc+/0 of [1][PF6] (1 mM) 

in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. 20 

mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 0.21 mM of formate (8.46 ppm). 

 

Figure S2.9. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.0 V vs. Fc+/0 of [1][PF6] (1 mM) 

in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. 20 

mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 0.40 mM of formate (8.51 ppm). 
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Figure S2.10. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V vs. Fc+/0 of [2][PF6] (1 

mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-

d8. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 5.14 mM of formate (8.50). 

 

Figure S2.11. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V vs. Fc+/0 of [2][PF6] (1 

mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-

d8. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 10.48 mM of formate (8.51 

ppm). 
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Figure S2.12. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 3 hours at -2.0 V vs. Fc+/0 of [2][PF6] (1 

mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-

d8. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 4.02 mM of formate (8.49 

ppm). 

 

Figure S2.13. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 3 hours at -1.9 V vs. Fc+/0 of [2][PF6] (1 

mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-

d8. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 1.99 mM of formate (8.47 

ppm). 
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Figure S2.14. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V vs. Fc+/0 of 2 M TEA and 2 

M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. 20 mM of mesitylene (6.66 ppm) was 

used as an internal NMR standard, yielding 0.19 mM of formate (8.49 ppm). 

 

Figure S2.15. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V vs. Fc+/0 of 2 M TEA and 2 

M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-d8. 20 mM of mesitylene (6.66 ppm) was 

used as an internal NMR standard, yielding 0.15 mM of formate (8.50 ppm). 
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Figure S2.16. 1H-NMR spectrum (400 MHz) of an aliquot of CPE after 6 hours at -2.2 V vs. Fc+/0 of [2][PF6] (1 

mM) in the presence of 2 M TEA and 2 M IPA in ACN (0.25 M TBAPF6) under CO2 spiked with 0.1 mL of THF-

d8. 20 mM of mesitylene (6.66 ppm) was used as an internal NMR standard, yielding 0.15 mM of formate (8.50 

ppm) red line. Green after spiking with an authentic samples of [HCO2][PF6].   

 

Figure S2.17. GC analysis after CPE of 6 hours at -2.2 V vs. Fc+/0 of [2][PF6] (1 mM) in the presence of 2 M TEA 

and 2 M IPA in ACN (0.25 M TBAPF6) under 13CO2. 
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Figure S2.18. Electrocatalysis of CO2 reduction by [2]+ in a 95:5 ACN/H2O mixture. (a) NMR yield and FE % of 

formate as a product of the electrocatalysis. (b) Charge (red) and current (blue) profiles over 3 hours during CPE at -

2.14 V vs. Fc+/0 of [2][OTf]  (1 mM) in 95:5 ACN/H2O solution (0.1 M TBAPF6) under 12CO2 (dark traces) and 
13CO2 (light traces). This was done in the H-cell as presented in Figure S1a using a reticulated vitreous carbon 

working electrode, Pt coil counter electrode, and a silver wire pseudo-reference. 

 

Figure S2.19. 1H-NMR spectrum (400 MHz) of a 3-hour CPE experiment at -2.14 V vs. Fc+/0 of [2][OTf]  (1 mM) in 

95:5 ACN/H2O solution (0.1 M TBAPF6) under 12CO2. A 10% CD3CN was added to the electrolysis sample. 1,3,5-

TMB (1 mM) is used as an internal standard. 
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Figure S2.20. 1H-NMR spectrum (400 MHz, top) and 13C-NMR (100 MHz, bottom) spectra of a 3-hour CPE 

experiment at -2.14 V vs. Fc+/0 of [2][OTf]  (1 mM) in 95:5 ACN/H2O solution (0.1 M TBAPF6) under 13CO2. 1,3,5-

TMB (1 mM) is used as an internal standard. A 10% CD3CN was added to the electrolysis sample. 1,3,5-TMB (1 

mM) is used as an internal standard. 

 

Figure S2.21. Detection of formate as a product from CO2RR by FTIR-SEC. CPE was done at -1.7 V on a solution 

of [2]+ (1 mM) and TBAPF6 (0.25 M) in ACN in the presence of TEA (2 M) and IPA (2 M) under 13CO2 using Au 

mini-grid working electrode, Pt mini-grid counter electrode, and Ag wire pseudo-reference. 

H13CO2
-

H13CO2
-
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2.6.4. Miscellaneous Data 

 

Figure S2.22. Cyclic voltammograms of [2][OTf]  at different scan rates in 2 M TEA and 2 M IPA in ACN (0.25 M 

TBAPF6), (a) in the absence of substrate, (b) under catalytic conditions, (c) in the absence of substrate with the 

current normalized by the scan rate , and (d) under catalytic conditions with the current normalized by the scan rate. 

WE: GC (3.0 mm disk OD); CE: Pt coil; reference: Ag wire. 

Table S2.2. Experimental icat/ip data and calculated kobs. Currents taken from Figure S18. 

 

 v (V/s) ip (mA) ic (mA) ic/ip kobs (s-1) 

0.9 0.087 0.25 2.9 117 

1 0.090 0.26 2.8 125 

   Average 121 
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Figure S2.23. Cyclic voltammograms in the IR-SEC cell of catalyst [2][OTf]  (1 mM) under N2 in ACN (0.1 M 

TBAPF6). WE: Au mini-grid; CE: Pt mini-grid; pseudo-reference: Ag wire; scan rate: 2 mV/s. 

2.6.5. Computational Data 

 

Figure S2.24. Optimized structure of [2]+. 

 

Scheme S2.1. Proposed reaction pathways for cleavage of CO ligand as a route to hydride formation from complex 

[2]+. (a) CO cleavage after the 1st electron reduction; (b) CO cleavage after the 2nd electron reduction. ȹG in 

kcal/mol and E° (eV) = Eï 4.98 vs. Fc+/Fc 
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Scheme S2.2. Proposed reaction pathways for CPET (coupled proton and electron transfer). ȹG is protonation Gibbs 

free energy in kcal/mol. E0 is the reduction potential energy in V. CPET is in V. 

Table S2.3. Comparison of the corrected IR stretches obtained from calculations with the experimental IR stretches. 

Calculated stretches were obtained from Figure 6b. Corrected calculated values were obtained by multiplying the 

calculated stretches with a factor 0.983. Experimental values were obtained from Figure 6a. (-) means not observed 

under the conditions of Figure 6a. (/) means not applicable. 

These equations are representative of the chemistry occurring in Scheme 1. 
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Table S2.4. Electronic energies (E), thermal corrections to Gibbs free energies (Gcorr), and Gibbs free energies (G) 

calculated at the B3LYP+D3/SDD,6-311G* level of theory. All the optimizations were done with the PCM correction 

to solvent (acetonitrile), hence E contains the solvation effects. The temperature (T) was set to 298.15K and the 

pressure to 1 atm. All values are reported in Hartrees. 

Compound E Gcorr G 

Carbon monoxide -113.346947302 -0.014071 -113.361018 

Carbon dioxide -188.643855360 -0.009724 -188.653579 

Formate -189.346030081 -0.003631 -189.349661 

cis-[Re(tmphen)2(CO)2]
+ (I) singlet -1763.27535203 0.516211 -1762.759141 

cis-[Re(tmphen)2(CO)2] (0) doublet -1763.37508192 0.509531 -1762.865551 

cis-[Re(tmphen)2(CO)2]
- (-I) singlet -1763.45556027 0.509689 -1762.945871 

    

Partial cleavage of diamine ligands    

Re-N bond cleavage trans to CO    

[Re(tmphen)2(CO)2H] (I) singlet -1763.92196750 0.520140 -1763.401827 

[Re(tmphen)2(CO)2OCHO] (I) singlet -1952.61543490 0.531917 -1952.083518 

    

Re-N bond cleavage trans to N    

[Re(tmphen)2(CO)2H] (I) singlet -1763.96093998 0.523706 -1763.437234 

[Re(tmphen)2(CO)2OCHO] (I) singlet -1952.62420911 0.533329 -1952.090880 

    

Ligand-based Proposed mechanism    

2+ -1763.275355 0.516341 -1762.759013 

20 -1763.375082 0.509533 -1762.865549 
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Table S2.4 (continued). 

 2- -1763.465202 0.505601 -1762.959601 

2-H+ -1763.837242 0.524972 -1763.312270 

2-H0 -1763.98666 0.525209 -1763.461450 

2-H- -1764.077089 0.519737 -1763.557353 

Transition states    

[2-H-ET3N] for ȹG
Í
1 -2056.339907 0.720599 -2055.619307 

[2-H-CO2] for ȹG
Í
2 -1952.695632 0.522034 -1952.173598 

Additives    

Et3N -292.4966421 0.172223 -292.324419 

Et3NH -292.9605451 0.189551 -292.770994 
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Chapter 3: Photophysical and Time-resolved Infrared Properties of Long-

Lived Rhenium(I) 4,5-Diazafluorene Tricarbonyl Chromophores 

The contents of this chapter have been previously published in ChemPhysChem 2025, 

e202500008; DOI: 10.1002/cphc.202500008 with the following authors: 

Reem T. Alameh, Michael C. Rosko, Evgeny O. Danilov, Nicolas Durand, and Felix N. 

Castellano* 

Department of Chemistry, North Carolina State University, Raleigh, NC 27695-8204 

Corresponding email: fncastel@ncsu.edu 

All work presented in this Chapter was performed by me except for the synthesis of 4,5-

diazafluoren-9-one and 4,5-diazafluorene which was done by Dr. Michael C. Rosko; building and 

enhancement of the TRIR setup which was done by Dr. Evgeny O. Danilov; and some samples 

synthesis of Re(dafH)(CO)3Cl and Re(dedaf)(CO)3Cl which was done by Dr. Nicolas Durand. 

3.1. Abstract 

This report investigates the synthesis, structural characterization, fundamental molecular 

photophysics, electrochemistry, UV-Vis spectroelectrochemistry, and time-resolved infrared 

spectroscopic properties of eight [fac-Re(dafR)(CO)3L]0/+ complexes, where R = ethyl [(dedaf); 1, 

3, 5, 7] or H [(dafH); 2, 4, 6, 8] and L = Cl- (1, 2), imidazole [(Im); 3, 4], 4-ethylpyridine [(4-Etpy); 

5, 6], or pyridine [(py); 7, 8]. Universally, 1-8 yield higher energy photoluminescence (PL) 

emission bands and higher PL quantum yields (up to 53%) than the classic 2,2ô-bipyridine (bpy) 

and 1,10-phenanthroline (phen) ligated Re(I) tricarbonyl complexes. The excited state lifetimes of 

1-8 lie between those corresponding to the bpy and phen derivatives, ranging from 120 and 1300 

ns at room temperature. Combinations of reductive UV-Vis spectroelectrochemistry, transient 

absorption spectroscopy, and time-resolved infrared spectroscopy were all consistent in assigning 

the lowest excited states in 1-8 being of metal-to-ligand charge transfer (MLCT) character. These 

new ReI MLCT chromophores follow classic energy gap law behavior and possess the 

mailto:fncastel@ncsu.edu


   

80 

 

characteristics necessary for serving as valuable photosensitizers suitable to energize excited state 

electron and energy transfer photochemistry. 

3.2. Introduction  

ReI metal-to-ligand charge transfer (MLCT) complexes of the general formula [fac-

Re(N^N)(CO)3L]0/+, where N^N is a diimine ligand, and L is a monodentate ligand, have been a 

focus of research over many decades.1,2 Interest in these complexes originated in their fundamental 

molecular photochemistry and photophysics.3ï11 It expanded across numerous valuable 

applications, including photoinduced CO-releasing molecules (photoCORMs),12 cancer 

phototherapy,13ï15 CO2 reduction catalysts,16ï19 photoluminescence (PL)-based molecular 

sensors,20ï23 light-emitting diodes,24 and host-guest molecular constructs.25ï27 Most reports have 

focused on the N^N diimine derivatives of 2,2ô-bipyridine (bpy) or 1,10-phenanthroline (phen).2 

More recently, an interest in fac-Re(dafR)(CO)3X has emerged, where dafR is 4,5-diazafluorene, 

and its 9,9- or 9-derivatives, where X is a halide. Studies in this regard have mainly focused on 

various applications of these molecules.28ï43 The fundamental photophysical properties reported 

for Re(dafR)(CO)3X chromophores have been limited exclusively to electronic absorption and 

photoluminescence spectra.43 Quantitative photophysical characterizations, including 

photoluminescence quantum yields, excited state lifetimes, transient absorption (TA), redox 

potential determinations, spectroelectrochemistry, and time-resolved infrared (TRIR) 

investigations have been entirely neglected. 

Ancillary ligand tuning in ReI diimine tricarbonyls is valuable as it systematically alters the 

resultant photophysical properties and has been employed to derive the associated energy gap law 

correlations.5,6 Using the energy gap law, the rate of nonradiative decay (knr) of a series of 

structurally homologous chromophores can be readily estimated as a function of PL emission 
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energy (E). 5,6,44ï46 This valuable tool is a molecular structure-photophysical property guide toward 

enhancing a source chromophoreôs PL quantum yields and excited state lifetimes. The seminal 

study by Caspar and Meyer focused on a [fac-Re(bpy)(CO)3L]0/+ series where L was systematically 

varied from weak-field to strong-field ligands.5 By doing so, the energy gap corresponding to the 

MLCT ground and excited states (the triplet PL emission energy) was readily tuned over a broad 

range using non-chromophoric ancillary ligands. In this present study, we report the synthesis, 

structural characterization, fundamental photophysical properties, electrochemistry, 

spectroelectrochemistry, and time-resolved infrared spectroscopy of eight [fac-

Re(dafR)(CO)3L]0/+ complexes, where R = ethyl [(dedaf); 1, 3, 5, 7] or H [(dafH); 2, 4, 6, 8] and 

L = Cl- (1, 2), imidazole [(Im); 3, 4], 4-ethylpyridine [(4-Etpy); 5, 6], or pyridine [(py); 7, 8] 

(Figure 3.1). As will be discussed throughout, [fac-Re(dafR)(CO)3L]0/+ complexes achieve higher 

energy PL emission and quantum yields relative to the corresponding bpy and phen derivatives. 

The excited state lifetimes, however, resided between those of the bpy and phen derivatives. 

Finally, we report a new TRIR apparatus that leverages our previously designed ultrafast 

system,45,47ï49 which is used with a second amplified Ti:sapphire laser system serving as the pump 

laser. By seeding both amplifiers with the same oscillator, data was acquired in 12.5 ns steps, 

thereby enabling samples to be measured well into microsecond time scales. Consistent with the 

combined transient absorption and PL data, these TRIR experiments confirmed that 1-8 all exhibit 

MLCT excited state character. 
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Figure 3.1. Molecular structures of the chromophores investigated. 

3.3. Results and Discussion 

3.3.1. Synthesis and Characterization 

Complete synthetic and structural characterization details (Figures S3.1-S3.36) are presented in 

the Experimental Section; please see the SI. To synthesize the ligands dafH and dedaf, 1,10-

phenanthroline was oxidized to 4,5-diazafluoren-9-one (dafone) according to a previously 

published procedure.50 Dafone was then reduced to dafH by heating at 180°C in hydrazine hydrate 

contained in a pressure vessel for 6 hours.50 Dedaf was finally obtained by deprotonating dafH, 

followed by a substitution reaction using ethyl bromide.51 

Complexes 1-10 were synthesized according to the general reaction pathway presented in Scheme 

3.1. The chloride-ligated 1 and 2 were prepared using a mixture of Re(CO)5Cl and the respective 

dafR ligand in refluxing toluene for 2 hrs.5 The triflate (-OTf) coordinated complexes fac-

Re(dedaf)(CO)3OTf  (9) and fac-Re(dafH)(CO)3OTf (10) were synthesized as intermediates to 

increase lability and enhance the substitution of the chloride by the neutral ligands (Im, py, and 4-

Etpy). For this purpose, 1 or 2 was refluxed in dichloromethane (DCM) in the presence of 

trifluoromethanesulfonic acid for 1 hr, yielding 9 or 10, respectively.52 Complexes 3 and 4, which 

bear an Im as the ancillary ligand, were made by stirring 9 or 10 in DCM overnight,53 while 5-8, 
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which have py-based ancillary ligands, were obtained by refluxing 9 or 10 in methanol for 5 hrs.52 

All cationic complexes were isolated as triflate salts by either precipitation with diethyl ether or 

sonication with hexanes. 

 

Scheme 3.1. General synthetic scheme for 1-10. 

Coordination was readily determined via 1H NMR analysis and observation of the chemical shift 

characteristic to the 9-position of the dafH and dedaf ligands. The 9,9-protons or 9,9-diethyl groups 

in the free ligand are identical by symmetry, whereas, in coordination with the ReI center, they 

become locked in this orientation, losing this symmetry.54 For the dafH coordinated molecules (2, 

4, 6, and 8) (Figure 3.2 left spectra, representing 2 and 8), this resulted in two strongly coupled 

doublets (tenting effect observed). Similarly, for the dedaf coordinated complexes (1, 3, 5, and 7) 

(Figure 3.2 right spectra, representing 1 and 7), two separate quartets and triplets appear, 

representing each ethyl group. As the differences in the chemical environments between the two 

9,9-substituents became more pronounced, going from the weaker field chloride (complexes 1 and 

2) to the stronger-field pyridine (complexes 7 and 8), the chemical shift difference between the 

peaks of the 9,9-substituents increased. 
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Figure 3.2. 1H NMR spectra (400 MHz) representing the sp3 C-H protons on dafH (left) and the ethyl protons on 

dedaf (right). All spectra were measured in CDCl3. 

The 1H NMR and FT-IR spectra indicated facial geometry for these ReI molecules. Only five 

signals corresponded to aromatic carbons and protons in the 13C and 1H NMR spectra, which aligns 

with the symmetry plane created by the facial geometry. Additionally, three IR peaks were 

observed in the FT-IR spectra (Figure 3.3), characteristic of the facial geometry in these 

complexes. As a representative example, 1 possessed a higher frequency peak at 2027 cm-1, 

corresponding to the symmetric CO stretches, and two lower frequencies with peaks centered at 

1921 and 1900 cm-1, corresponding to the antisymmetric CO stretches. The energy of these 

vibrations increased with the ancillary ligand field imposed (Cl- < Im < 4-Etpy < py). Furthermore, 

the antisymmetric stretches convoluted to a broad peak in the cationic complexes, consistent with 

a decrease in energy difference between the antisymmetric vibrations observed in the calculated 

IR spectra. 



   

85 

 

 

Figure 3.3. Solution-based FT-IR spectra of chromophores 1-8, recorded in DCM. 

3.3.2. Electrochemistry 

Electrochemical data were acquired in acetonitrile (ACN) using a combination of cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) techniques (Figure S3.37). The redox 

potentials were estimated based on DPV, while one-electron reversibility was assessed using CV 

(Table 3.1). Two redox waves were revealed corresponding to the oxidation of the metal center at 

positive potentials (ReI/II  ranging in the interval 0.99 to 1.50 V vs. Fc0/+) and the reduction of the 

dafR ligand at negative potentials (coordinated dafR-Å/0 ranging in the interval -1.82 to -1.58 V vs. 

Fc0/+). Both redox couples translated to more positive potentials upon substituting chloride with 

Im, 4-Etpy, and py, roughly in that order. The energy gap derived from the oxidation and reduction 

potentials (2.81 < 2.98 < 3.10 < 3.11 V) increases with ancillary ligand field strength (2 < 4 < 6 < 

8). Metal-centered oxidation was irreversible for all the complexes investigated. However, for 1 

and 2, where the ancillary ligand was a chloride, and 3 and 4, where the ancillary ligand was an 

imidazole, the reduction wave was reversible and irreversible, respectively, regardless of the 

coordinated dafR ligand. As for complexes 5-8, where the ancillary ligand was pyridine-based, the 
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reduction wave alternated between reversible and irreversible depending on whether dafR is dedaf 

or dafH, respectively. 

Complex Eox (V)[a] Ered (V)[a] ȹE (V)[b] Calculated E0-0 (eV)[c] E0-0 (eV)[d] Eox* (V)[e] Ered* (V)[e] 

1 1.00 (i) -1.82 (r) 2.82 2.48 2.44 -1.44 0.62 

2 0.99 (i) -1.82 (r) 2.81 2.48 2.45 -1.46 0.63 

3 1.32 (i) -1.64 (i) 2.96 2.59 2.54 -1.22 0.90 

4 1.31 (i) -1.67 (i) 2.98 2.56 2.57 -1.26 0.90 

5 1.50 (i) -1.60 (r) 3.10 2.59 2.61 -1.11 1.01 

6 1.48 (i) -1.62 (i) 3.10 2.61 2.62 -1.14 1.00 

7 1.49 (i) -1.58 (r) 3.07 2.60 2.62 -1.13 1.04 

8 1.48 (i) -1.63 (i) 3.11 2.62 2.64 -1.16 1.01 

Table 3.1. Electrochemical properties, ground/excited state energy gaps, and excited state redox potentials. [a] 

Oxidation (Eox) and reduction (Ered) potentials of complexes 1-8 obtained vs. Fc0/+ from DPV scans in ACN, ± 5 mV; 

the annotations (i) and (r) represent irreversible and reversible redox waves, respectively. [b] Energy gap calculated 

from Eox ï Ered.[c] Calculated energy difference between the excited state T1 and the ground state S0 in DCM. [d] The 

energy gap between the lowest vibrational states of the ground state and excited state was calculated from the 

uncorrected PL spectra in ACN. [e] The excited state oxidation potential, Eox*, and the excited state reduction 

potential, Ered*, in ACN calculated from Rehm-Weller expressions:55E(Re2+/+*) = E(Re2+/+) ï E0-0 and E(Re+* /0) = 

E(Re+/0) + E0-0. 

Uncorrected room temperature PL spectra were collected in aerated ACN to estimate E0-0 across 

these molecules (Table 3.1, Figures S3.38 and S3.39). The energy gaps estimated from 

electrochemistry, DFT calculations, and photoluminescence varied similarly and are very well 

correlated (Table 3.1, Figure S3.40). The excited state redox potentials were also calculated. The 

stronger field the ligand, the more oxidizing and less reducing it became in its excited state 

compared to weaker field ligands. 

3.3.3. Electronic Absorption and Photoluminescence Properties 

Electronic absorption spectra of 1-8 featured two prominent bands: a lower energy peak around 

375 nm (2700 M-1cm-1), representing 1MLCT absorption, and a higher energy peak at 325 nm 

(>12000 M-1cm-1), which is assigned to dafR ligand-based ˊ-ˊ* transitions, Figure 4. These 
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assignments were made based on a comparison to the previously established fac-

[Re(N^N)(CO)3L]0/+ complexes3ï5 and are supported by TD-DFT calculations. Room temperature 

photoluminescence (PL) spectra, Figure 5, showed broad and structureless peaks characteristic of 

3MLCT phosphorescence. While more pronounced in PL spectra, a blue shift (Table 2) was 

observed in both electronic absorption and PL spectra, moving from 1 to 8 with increasing ancillary 

ligand field strength (Cl- < Im < 4-Etpy < py). The emission maxima of the complexes bearing the 

dedaf ligand (1, 3, 5, 7) generally appear at lower energies than their dafH ligand analogs (2, 4, 6, 

8), likely due to the electron-donating nature of the ethyl groups. 
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Figure 3.4. Electronic absorption spectra of 1-8 measured in DCM. 
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Figure 3.5. Normalized, static PL spectra of 1-8, measured in deaerated DCM at room temperature. ɚex = 410 nm. 

PL quantum yields and lifetimes were measured in deaerated DCM. Lifetimes were estimated 

using single exponential fits, which adequately modeled the decay kinetics in all instances (Figures 

S3.41-S3.44). As the general trend in the PL and electrochemical measurements suggests, the 

energy gap between the ground state and the excited state increased with ancillary ligand-field 

strength (Cl- < Im < 4-Etpy < py). A similar trend is held in terms of PL quantum yields and 

lifetimes (Table 2 and Figure 6). PL quantum yields significantly increased from 4.4% (2) to 52.7% 

(8). Similarly, the excited state lifetimes increased from 146 ns (2) to 1298 ns (8), all because of 

the systematically increasing energy gap, which led to substantial modifications to the nonradiative 

decay rate constant, knr, across the series of chromophores. 
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The ReI molecules bearing the dedaf ligand (1, 3, 5, 7) possessed lower quantum yields and 

lifetimes than their analogs bearing the dafH ligand (2, 4, 6, 8) due to the extra flexibility in the 

ethyl groups resulting in the loss of energy as nonradiative decay, which follows the same trend 

where PL spectra were uniformly blue-shifted as described above. This effect held in 5- 8, where 

the PL quantum yields (43.6 < 47.0 < 48.3 < 52.7%) and excited state lifetimes (1050 < 1142 < 

1256 < 1298 ns) increased as the number of resident ethyl groups decreased (5, three ethyl groups 

> 7, two ethyl groups > 6, one ethyl group > 8, no ethyl groups), respectively. 

Complex ɚabs (nm) [Ů Ĭ 103 (M-1cm-1)][a] ɚem (nm)[b] ū (%)[c] Űem (ns)[d] kr (×105 s-1)[e] knr (×105 s-1)[e] 

-́ˊ* MLCT (dˊ-ˊ*) 

1 329 [12.97] 374 [2.97] 

401 [2.29] 

598 3.9 120 3.2 80 

2 327 [14.67] 372 [2.78] 

399 [2.20] 

596 4.4 146 3.0 65 

3 332 [12.75] 359 [2.59] 

392 [1.65] 

562 14.7 411 3.6 21 

4 327 [17.88] 356 [3.53] 

385 [2.33] 

557 17.3 529 3.3 16 

5 333 [11.92] 356 [2.71] 

388 [1.60] 

538 43.6 1050 4.2 5.4 

6 327 [17.69] 354 [3.87] 

380 [2.52] 

534 48.3 1256 3.8 4.1 

7 333 [18.26] 356 [4.30] 

387 [2.39] 

534 47.0 1142 4.1 4.6 

8 327 [18.71] 351 [4.27] 

380 [2.50] 

530 52.7 1298 4.1 3.6 

Table 3.2. Summary of the electronic absorption, photoluminescence, and calculated photophysical properties of 1-8 

in CH2Cl2. [a] Absorption wavelength (ɚabs) at the maxima in the electronic absorption spectra. [b] Emission 

wavelength (ɚem) at the maximum of corrected PL spectra. [c] Photoluminescence quantum yield (ū), Ñ 5%. [d] 

Excited state lifetimes as obtained by emission (Űem), ± 10%. [e] Radiative (kr) and nonradiative (knr) decay rates were 

calculated from ū and Ű as follows: kr = ū/Ű and knr = (1- ū)/Ű. All measurements were performed in deaerated DCM. 
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Figure 3.6. Photoluminescence intensity decay traces of 1-8 measured in deaerated DCM. 

3.3.4. Nanosecond Transient Absorption Spectra 

All chromophores exhibited similar nanosecond transient UV/vis absorption (ns-TA) spectral 

profiles in their difference spectra, and 5 (Figure 7) was used as being representative of the series 

of molecules (Figures S3.45 and S3.46). These ReI chromophores exhibited strong excited state 

absorptions over the entire visible light spectrum, with two peak maxima apparent near 425 and 

392 nm following 410 nm nanosecond pulsed laser excitation. The spectral profiles are consistent 

with the ns-TA diff erence spectra reported from similar [fac-Re(N^N)(CO)3L]0/+ complexes.56 

Single wavelength kinetics analysis (ɚdet = 425 nm) yielded a 1048 ns lifetime (Figures S3.47 and 

S3.48), quantitatively consistent with that obtained from the PL intensity decay data (1050 ns). 
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Similar consistency of lifetimes for all the other molecules from this series is summarized in Table 

S3.1. The TA spectra also match UV/Vis spectroelectrochemical spectra obtained at the reduction 

of the complexes (Figures S3.49 and S3.50), corresponding to the diimine ligand one-electron 

reduction. This is consistent with the observed positive transient feature corresponding to the 

3MLCT excited state decaying back to the ground state. The PL and ns-TA data are consistent with 

all ReI complexes reported in this study as possessing the lowest energy MLCT excited state 

character. 
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Figure 3.7. Nanosecond transient absorption difference spectra obtained in DCM of 5, representative of the entire 

series under investigation. ɚex = 410 nm; pulse energy ~ 3 mJ/pulse. 
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Insights into the transient mid-IR changes in the M-CO stretching vibrations would also support 

the MLCT character of the lowest excited states in these molecules. To this end, we conceived an 

alternative approach to recording nanosecond-to-microsecond time-resolved infrared spectra (ns-

TRIR), which enhanced the signal-to-noise ratio compared to our original step-scan 

instrumentation. While our laboratory had previously reported ultrafast TRIR data on IrIII ,47 Ni II,48 

and ReI complexes,45,49 time resolution beyond the ~4 nanosecond time range was not feasible. 

The apparatus was therefore modified by introducing a second Ti:sapphire amplifier, with both 

amplifiers now seeded from a standard 80 MHz oscillator, which allows for 12.5 ns measurement 

steps between the pump and the probe beams and the characterization of long-lived excited states 

using our original ultrafast detection system. This apparatus is similar in design to one reported by 

the Rutherford Appleton Laboratory in 2012.57 Kinetic traces and spectral ns-TRIR data were 

obtained for complexes 1-8 in deaerated DCM following visible-light MLCT excitation. As was 

the case for ns-TA, all complexes exhibited similar TRIR features. Molecules 1 and 5 were chosen 

as representatives of their respective series. The remaining data acquired is collected in the SI 

(Figures S3.51 and S3.52). The TRIR difference spectrum of 1 (Figure 8a) showed three negative 

peaks corresponding to the bleaching signals at 1903, 1913, and 2025 cm-1 and three positive peaks 

corresponding to new transient absorptions at 1951, 1981, and 2058 cm-1. The two lower energy 

peaks at 1951 and 1981 cm-1 correspond to the antisymmetric CO stretches, while the higher 

energy peak at 2058 corresponds to the symmetric CO stretch in the 3MLCT state. In 3-8, the 

antisymmetric CO stretches of the ground state overlap, therefore appearing as a single broad peak 

as mentioned earlier (Figure 3). Consequently, a broad peak corresponding to the antisymmetric 

CO stretches appears at 1933 cm-1 as a bleach in 5 (Figure 8b). The symmetric CO stretch did not 

completely bleach at 2035 cm-1, likely due to the excited speciesô higher oscillator strength 
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absorption. Similarly to 1, three excited state absorption peaks appear at 1966, 2006, and 2056 cm-

1 for 5. The shift of the CO vibrations to higher energies following photoexcitation confirms MLCT 

character. As the metal is transiently oxidized from ReI to ReII, ˊ-back bonding from the dˊ orbitals 

decreases, transiently increasing the CO bond order and corresponding vibrational frequencies.45 

This shift is also in confirmation with the calculated TRIR spectrum obtained by substracting the 

IR spectrum of the S0 state from that of the T1 state for complex 1 shown in Figure 9. 

 

Figure 3.8. Nanosecond TRIR spectra of [a] 1 and [b] 5 were measured in deaerated DCM at ɚex = 400 nm and power 

= 8.3 µJ/pulse, using femtosecond amplified laser pulses. 
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Figure 3.9. Comparison of the calculated TRIR difference spectrum (black) and the experimental TRIR difference 

spectrum (red) for complex 1. The experimental ground state IR spectrum measured in DCM is shown in dashed 

blue for reference. 
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3.3.5. Adherence to the Energy Gap Law 

The energy gap law plots in Figure 10 (ln knr vs. PL emission energy) summarize the above 

photophysical properties and simplify the comparisons between the various N^N type ligands. 

Similar to a previous study by the T.J. Meyer group performed on a [fac-Re(bpy)(CO)3L]0/+ series 

of molecules (Figure 10, red dots),5 the currently studied [fac-Re(dafR)(CO)3L]0/+ also adhered to 

the energy gap law (Figure 10, black dots). Data on [fac-Re(phen)(CO)3L]0/+ complexes was also 

gathered from previous literature reports58,59 and is represented in Figure 10 by blue dots, except 

for fac-Re(phen)(CO)3Cl, which was measured in the current study due to discrepancies in its 

emission energy and lifetime independently reported by Kalyanasundaram,4 Morse and Wrighton.3 

The PL emission energy (16367 cm-1) measured here was closer to that of Kalyanasundaram 

(16611 cm-1). At the same time, the lifetime (306 ns) and quantum yield (3.9%) matched that of 

Morse and Wrighton (Ű = 300 ns and ūem = 3.6%) within experimental error. The lowest emission 

energy data point from each series represented the chloride-coordinated complex. Molecules 1 and 

2, representing the dafR series, featured interestingly higher emission energies than both fac-

Re(bpy)(CO)3Cl and fac-Re(phen)(CO)3Cl. This could be attributed to the lower electron 

delocalization on the ˊ* orbital of dafR ligands as compared to phen, due to the sp3 carbon fusing 

the two rings. As a result, the ˊ* orbital of the dafR ligand may increase sufficiently to exhibit an 

increased dˊ-ˊ* energy gap compared to phen. Consistent with the energy gap differences, the PL 

quantum yield in 2 (4.4%) was higher than the quantum yields of both fac-Re(bpy)(CO)3Cl (ūem 

= 0.5%)5 and fac-Re(phen)(CO)3Cl (ūem = 3.9%). Chromophore 1, featuring alkyl groups that will 

necessarily enhance nonradiative deactivation, had a similar quantum yield (ūem = 3.9%) as that 

of fac-Re(phen)(CO)3Cl. On the other hand, the excited state lifetimes of 1 and 2 (Ű = 120 and 146 

ns, respectively) resided between those of both fac-Re(bpy)(CO)3Cl (Ű = 51 ns)
5 and fac-
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Re(phen)(CO)3Cl (Ű = 300 ns). This could be explained by the relative rigidities of the respective 

polypyridyl ligands, which can be organized as follows: bpy < dafR < phen. The more rigid the 

diimine ligand framework, the less distorted the resultant excited state, and therefore, leads to 

attenuated overlap between the vibrational states of the excited state and ground state, leading to 

less nonradiative deactivation, lengthening the excited state lifetime. Thus, dafR-type ligands 

would be more beneficial for applications requiring higher energy PL emissions and quantum 

yields, whereas phen ligands would be preferred when longer lifetimes are desired, such as 

bimolecular excited state reactions. 

While the dafR and the bpy series lie on similar energy gap trend lines, the phen series lies on a 

trend line with a significantly different intercept but remains parallel to that of the bpy and dafR 

series. The same phenomenon was observed by the McMillin group when studying CuI complexes, 

where aryl substituents on the 2,9-positions of a phen ligand led to a distinct correlation with a 

lower ln(knr) intercept as to where alkyl substituents were used.60 While studying RuII complexes, 

the Cook group also noted in earlier reports lower knr values as they added aryl substituents into 

the 4,4ô- positions of bpy61 and 4- and 4,7- positions of the phen62 than expected from the ln(knr) 

plot vs. emission energy obtained for a series with alkyl substituents. Moreover, the more aryl 

rings they added, the lower the measured knr values, which was anticipated from the original alkyl 

correlation.62 Therefore, since the dafR ligands can be considered alkylated versions of bpy, 

whereas phen bears an extra aryl ring, the trend observed in this contribution mirrors what has 

been reported. According to this trend, future work to this end would require the addition of aryl 

substituents to dafR-type ligands, which may result in significant enhancements across all three 

measured photophysical parameters (Eem, ūem, and Űem). 
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Figure 3.10. Energy gap law plot of [fac-Re(N^N)(CO)3L] 0/+ complexes, where N^N = dafR (black), bpy (red), or 

phen (blue). The dafR series is based on data collected in this study, while data relevant to the bpy5 and phen58,59 

series were collected from previous literature. All represented data points refer to measurements in deaerated DCM. 

3.4. Conclusion 

This manuscript provides a fundamental and quantitative evaluation of the promising 

photophysical properties of fac-Re(dafR)(CO)3X complexes bearing 4,5-diazafluorene-type 

ligands. The title ReI chromophores yield high energy PL emissions with corresponding high PL 

quantum yields and long excited state lifetimes. Using a battery of spectroscopic techniques, 

including reductive UV-Vis spectroelectrochemistry, transient absorption spectroscopy, and time-

resolved infrared spectroscopy, the lowest excited states in 1-8 were determined to be MLCT in 

character. This series of ReI MLCT chromophores follow classic energy gap law behavior and 

possess the characteristics necessary to serve as valuable PL emitters in light-emission applications 

and photosensitizers suitable for energizing excited state electron and energy transfer 

photochemistry. 
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3.6. Supporting Information  

3.6.1. Experimental 

3.6.1.1. General 

All syntheses were carried out under a positive flow of nitrogen gas, except for the syntheses of 

4,5-diazafluorenone and 4,5-diazafluorene. Reagents were purchased from Strem Chemicals, 

Fischer Scientific, VWR, or Cambridge Isotope Laboratories. For spectroscopic measurements, 

dichloromethane was used as purified by MBraun solvent purification system and was maintained 

under nitrogen atmosphere. Electronic absorption extinction coefficients were obtained using a 

Shimadzu UV-3600 spectrophotometer. A Bruker Avance NEO spectrometer was used to record 

1H NMR spectra (operating at 400 MHz) and 13C NMR spectra (operating at 101 MHz). 1H NMR 

peak splitting was referred to using the following abbreviations: singlet (s), doublet (d), triplet (t), 

quartet (q), doublet of doublet (dd), triplet of triplets (tt), doublet of doublets of doublets (ddd), 

and multiplet (m). Elemental analysis (CHN) was performed by Atlantic Microlab, Inc. Solution-

based FT-IR spectra were collected using Bruker Vertex 80v spectrophotometer. Electrospray 

ionization mass spectrometry (ESI-MS) was conducted on a Waters G2-XS QTof operating in 

positive ion mode by the Mass Spectrometry and Metabolics Core (MSMC) facility at Michigan 
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State University (MSU). ESI-MS samples were dissolved and diluted in DCM then analyzed by 

flow-injection analysis (no column) with a 95% ACN/ 5%H2O mobile phase. 

3.6.1.2. Synthesis 

4,5-diazafluorenone (dafone) 

This molecule was synthesized via a literature procedure.50 To a 1000 mL two-neck round bottom, 

a stir bar, 1,10-phenanthroline (2.5 g, 13.9 mmol, 1 eq.), KOH (2.5 g, 44.6 mmol, 3.2 eq.), and DI 

water (187.5 mL). The solution was then heated to reflux. A separate solution was prepared in a 

250 mL round bottom with KMnO4 (6.25 g, 39.8 mmol, 2.9 eq.) and DI water (100 mL), and 

heated to 90 . Once heated, the KMnO4 solution was slowly added to the refluxing solution over 

the course of 3 hrs. The refluxing solution initially turned green-blue upon addition of the KMnO4, 

then brown. The solution was then cooled to room temperature and added to a separatory funnel 

and washed with dichloromethane (3 x 80 mL). The organic layer was collected and dried with 

MgSO4. The solution was dried via rotary evaporation and purified via flash chromatography using 

ethyl acetate as the eluent. The product was obtained as a white solid. Yield: 45% (1.13 g). 1H 

NMR (400 MHz, CDCl3) ŭ 8.78 (2H, dd, J = 5.1; 1.5 Hz), 7.98 (2H, dd, J = 7.5; 1.6 Hz), 7.34 (2H, 

dd, J = 7.7; 5.1 Hz). HRMS (ESI-TOF) m/z: [dafone + H+]+ Calcd for C11H7N2O 183.0553; Found 

183.0561. 

4,5-diazafluorene (dafH) 

This molecule was synthesized via a literature procedure.50 This reaction needs to be handled with 

care in a specialized pressure reactor, for it contains a flammable reagent (hydrazine hydrate) and 

is performed at a high temperature and pressure. Alongside a stir bar, dafone (1.0 g, 5.5 mmol, 1 

eq.) and hydrazine hydrate (7.0 mL, 144 mmol, 26.1 eq.) were added to a 50 mL Teflon-lined 



   

99 

 

bomb, and heated to 180  for 6 hrs. After allowing the reaction mixture to cool to room 

temperature, it was added to a separatory funnel and washed with DCM (4 x 50 mL). The organic 

layer was collected and dried with MgSO4. The solution was dried via rotary evaporation and 

purified via flash chromatography using ethyl acetate as the eluent. The product was obtained as a 

white solid. Yield: 38% (0.354 g). 1H NMR (400 MHz, CDCl3) ŭ 8.64 (2H, dd, J = 4.8; 1.3 Hz), 

7.77 (2H, dd, J = 7.6; 1.3 Hz), 7.18 (2H, dd, J = 7.7; 4.8  Hz), 3.74 (2H, s). HRMS (ESI-TOF) m/z: 

[dafH + H+]+ Calcd for C11H9N2 169.0760; Found 169.0766. 

9,9-diethyl-4,5-diazafluorene (dedaf) 

This ligand was prepared similarly to previous literature.51 Sodium tert-butoxide (857 mg, 8.92 

mmol, 3 eq.) was added to a solution of dafH (500 mg, 2.97 mmol, 1 eq.) in tetrahydrofuran (15 

mL), resulting in a color change from white to deep purple. Ethyl bromide (0.66 mL, 8.92 mmol, 

3 eq.) was added to the solution and stirred for 3 hrs at RT in the dark. A blue precipitate appeared 

and was filtered by vacuum filtration and discarded while the red filtrate was kept, and solvent was 

removed by rotary evaporation. The resulting dark red oil was dissolved in 30 mL water and the 

product was extracted with DCM (3 × 40 mL). The organic layer was dried with MgSO4, and the 

solvent removed with rotary evaporation to give a pale red-brown solid. Yield: 90%. 1H NMR 

(400 MHz, CDCl3) ŭ 8.70 (dd, 2H, J = 4.9; 1.2 Hz), 7.70 (dd, 2H, J = 7.7; 1.2 Hz), 7.29 (dd, 2H, 

J = 7.7; 4.9 Hz), 2.06 (q, 4H, J = 7.5 Hz), 0.39 (t, 6H, J = 7.5 Hz). HRMS (ESI-TOF) m/z: [dedaf 

+ H+]+ Calcd for C15H17N2 225.1386; Found 225.1399. 

Re(dedaf)(CO)3Cl [1] 

Re(CO)5Cl (600 mg, 1.66 mmol, 1 eq.) and dedaf (391 mg, 1.74 mmol, 1.05 eq.) were mixed with 

toluene (20 mL). The mixture was refluxed for 2 hrs upon which a bright yellow solid precipitated. 
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The solid was collected by vacuum filtration. Yield: 90%. 1H NMR (400 MHz, CDCl3) ŭ 8.72 (dd, 

2H, J = 5.4; 0.9 Hz), 7.92 (dd, 2H, J = 7.7; 0.9 Hz), 7.51 (dd, 2H, J = 7.7; 5.4 Hz), 2.16 (q, 2H, J 

= 7.5 Hz), 2.11 (q, 2H, J = 7.5 Hz), 0.69 (t, 3H, J = 7.5 Hz), 0.53 (t, 3H, J = 7.5 Hz). 13C NMR 

(101 MHz, CDCl3) ŭ 161.05, 150.18, 143.95, 133.72, 126.47, 60.31, 30.61, 30.04, 9.45, 9.04. 

Elem. anal. (Calcd: C, 40.79; H, 3.04; N, 5.29. Found: C, 40.61; H, 2.97; N, 5.24.) HRMS (ESI-

TOF) m/z: [1 -Cl- + CH3CN]+ Calcd for C20H19N3O3Re 536.0984; Found 536.0989. 

Re(dafH)(CO)3Cl [2] 

This was prepared similarly to 1. Yield: 96%. 1H NMR (400 MHz, CDCl3) ŭ 8.77 (dd, 2H, J = 5.3; 

1.0 Hz), 8.10 (dd, 2H, J = 7.9; 1.0 Hz), 7.54 (dd, 2H, J = 7.9; 5.3 Hz), 4.35 (d, 1H, J = 21.7 Hz), 

4.28 (d, 1H, J = 21.7 Hz). 13C NMR (101 MHz, CDCl3) ŭ 161.61, 150.25, 136.29, 135.70, 126.37, 

36.69. Elem. anal. (Calcd: C, 35.48; H, 1.70; N, 5.91. Found: C, 35.37; H, 1.58; N, 5.88.) HRMS 

(ESI-TOF) m/z: [2 -Cl- + CH3CN]+ Calcd for C16H11N3O3Re 480.0358; Found 480.0361. 

Re(dedaf)(CO)3OTf [9]  

To a solution of 1 (600 mg, 1.13 mmol, 1 eq.) in DCM (20 mL), trifluoromethanesulfonic acid 

(HOTf, 0.56 mL, 6.78 mmol, 6 eq.) was added. The solution was refluxed for 1 hr, then left to cool 

to room temperature. A yellow solid was precipitated upon the dropwise addition of diethyl ether 

whilst stirring. The precipitate was isolated by vacuum filtration. Yield: 92%. 1H NMR (400 MHz, 

CDCl3) ŭ 8.76 (dd, 2H, J = 5.5; 0.9 Hz), 8.01 (dd, 2H, J = 7.8; 0.9 Hz), 7.59 (dd, 2H, J = 7.8; 5.4 

Hz), 2.16 (q, 2H, J = 7.4 Hz), 2.13 (q, 2H, J = 7.4 Hz), 0.71 (t, 3H, J = 7.4 Hz), 0.54 (t, 3H, J = 

7.4 Hz). 13C NMR (101 MHz, CDCl3) ŭ 161.11, 150.94, 144.09, 134.89, 126.91, 60.63, 30.37, 

30.19, 9.49, 8.82. Elem. anal. (Calcd: C, 35.46; H, 2.51; N, 4.35. Found: C, 35.25; H, 2.56; N, 
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4.29.) HRMS (ESI-TOF) m/z: [1 -Cl- + CH3CN]+ Calcd for C20H19N3O3Re 536.0984; Found 

536.0987. 

Re(dafH)(CO)3OTf [10] 

This was prepared similarly to 9. Yield: 82%. 1H NMR (400 MHz, CDCl3) ŭ 8.81 (dd, 2H, J = 5.4; 

1.0 Hz), 8.20 (dd, 2H, J = 7.8; 1.0 Hz), 7.62 (dd, 2H, J = 7.8; 5.4 Hz), 4.41 (d, 1H, J = 21.7 Hz), 

4.33 (d, 1H, J = 21.7 Hz). 13C NMR (101 MHz, CDCl3) ŭ 161.86, 151.01, 136.82, 136.26, 126.78, 

36.74. Elem. anal. (Calcd: C, 30.67; H, 1.37; N, 4.77. Found: C, 30.58; H, 1.26; N, 4.74.) HRMS 

(ESI-TOF) m/z: [1 -Cl- + CH3CN]+ Calcd for C16H11N3O3Re 480.0358; Found 480.0358. 

[Re(dedaf)(CO)3(Im)][OTf] [3]  

Imidazole (11 mg, 0.16 mmol, 1.02 eq.) was added to a solution of 9 (100 mg, 0.155 mmol, 1 eq.) 

in DCM (10 mL). The solution was stirred overnight at room temperature. The solvent was 

removed via rotary evaporation to give an oily product. Hexanes was added to the mixture and 

sonicated for 2 hrs precipitate a yellow solid. Solvent was removed via rotary evaporation and 

sonication was repeated for purification as needed. Finally, the yellow solid was filtered through 

vacuum filtration. Yield: 90%. 1H NMR (400 MHz, CDCl3) ŭ 12.10 (broad s, 1H), 8.80 (dd, 2H, 

J = 5.4, 1.0 Hz), 8.05 (dd, 2H, J = 7.8; 1.0 Hz), 7.70 (dd, 2H, J = 7.8; 5.4 Hz), 7.20 (s, 1H), 6.84 

(s, 1H), 6.60 (s, 1H), 2.15 (q, 2H, J = 7.4 Hz), 2.07 (q, 2H, J = 7.4 Hz), 0.69 (t, 3H, J = 7.4 Hz), 

0.19 (t, 3H, J = 7.4 Hz). 13C NMR (101 MHz, CDCl3) ŭ 160.45, 150.31, 144.76, 138.43, 135.49, 

128.77, 128.11, 118.78, 60.89, 30.13, 29.99, 9.43, 8.22. Elem. anal. (Calcd: C, 37.13; H, 2.83; N, 

7.87. Found: C, 36.37; H, 2.79; N, 8.14.) ESI-MS (positive) m/z: [3 -OTf-]+ Calcd for 

C21H20N4O3Re 563.1093; Found 563.1096. 

[Re(dafH)(CO)3(Im)][OTf] [4]  
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Imidazole (81.1 mg, 1.19 mmol, 7 eq.) was added to a solution of 10 (100 mg, 0.17 mmol, 1 eq.) 

in 10 mL DCM, which was stirred overnight at room temperature. The solvent was removed via 

rotary evaporation to yield a concentrated dark greenish solution and diethyl ether was slowly 

added while stirring, resulting in the formation of a red fluid that stuck to the glass walls and rested 

in the bottom of the flask. The mixture was left to stir for 1 hr, upon which the red fluid was 

converted into a greenish-yellow precipitate. Yield: 73%. 1H NMR (400 MHz, CDCl3) ŭ 11.66 

(broad s, 1H), 8.75 (dd, 2H, J = 5.4; 1.0 Hz), 8.25 (dd, 2H, J = 7.8; 1.0 Hz), 7.66 (dd, 2H, J = 7.8; 

5.4 Hz), 6.98 (q, 1H, J = 1.6 Hz), 6.89 (m, 2H), 4.61 (d, 1H, J = 21.7 Hz), 4.35 (d, 1H, J = 21.7 

Hz). 13C NMR (101 MHz, CDCl3) ŭ 161.16, 150.19, 137.86, 137.82, 137.65, 130.41, 127.60, 

118.58, 37.27. Elem. anal. (Calcd: C, 32.98; H, 1.85; N, 8.55. Found: C, 33.12; H, 1.82; N, 8.71.) 

HRMS (ESI-TOF) m/z: [4 -OTf-]+ Calcd for C17H12N4O3Re 507.0467; Found 507.0483. 

[Re(dedaf)(CO)3(4-Etpy)][OTf] [5]  

Complex 9 (100 mg, 0.155 mmol, 1 eq.) was dissolved in methanol (22 mL). The solution was 

heated until solid was entirely dissolved, following which 4-ethylpyridine (124 µL, 1.09 mmol, 7 

eq.) was added, and the solution was refluxed for 4.5 hours. The solvent was removed, and the 

resulting precipitate or oil was redissolved in DCM and precipitated via slow addition of diethyl 

ether while stirring. The solution was left to stir for 1 hr to allow for the precipitation of a yellow 

solid which was then collected by vacuum filtration. Yield: 95%. 1H NMR (400 MHz, CDCl3) ŭ 

8.95 (dd, 2H, J = 5.4; 1.0 Hz), 8.14 (m, 4H), 7.89 (dd, 2H, J = 7.8; 5.4 Hz), 7.16 (m, 2H), 2.54 (q, 

2H, J = 7.6 Hz), 2.17 (q, 2H, J = 7.4 Hz), 2.05 (q, 2H, J = 7.4 Hz), 1.08 (t, 3H, J = 7.6 Hz), 0.65 

(t, 3H, J = 7.4 Hz), -0.14 (t, 3H, J = 7.4 Hz). 13C NMR (101 MHz, CDCl3) ŭ 160.26, 158.20, 

151.85, 150.65, 144.57, 136.16, 129.10, 126.66, 60.99, 29.98, 29.93, 28.24, 13.73, 9.36, 7.86. 
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Elem. anal. (Calcd: C, 41.6; H, 3.36; N, 5.60. Found: C, 41.78; H, 3.47; N, 5.61.) HRMS (ESI-

TOF) m/z: [5 -OTf-]+ Calcd. for C25H25N3O3Re 602.1453; Found 602.1462. 

[Re(dafH)(CO)3(4-Etpy)][OTf] [6]  

This was prepared similarly to [5]. Yield: 85%. 1H NMR (400 MHz, CDCl3) ŭ 8.80 (dd, 2H, J = 

5.4; 1.0 Hz), 8.38 (dd, 2H, J = 7.8; 1.0 Hz), 8.14 (m, 2H), 7.73 (dd, 2H, J = 7.8; 5.4 Hz), 7.19 (m, 

2H), 4.82 (d, 1H, J = 22.3 Hz), 4.41 (d, 1H, J = 22.3 Hz), 2.60 (q, 2H, J = 7.6 Hz), 1.16 (t, 3H, J 

= 7.6 Hz). 13C NMR (101 MHz, CDCl3) ŭ 161.28, 158.15, 151.78, 149.67, 138.66, 138.62, 127.95, 

126.86, 37.70, 28.22, 13.30. Elem. anal. (Calcd: C, 38.04; H, 2.47; N, 6.05. Found: C, 37.97; H, 

2.48; N, 6.03.) HRMS (ESI-TOF) m/z: [6 -OTf-]+ Calcd for C21H17N3O3Re 546.0827; Found 

546.0834. 

[Re(dedaf)(CO)3(py)][OTf] [7]  

This complex was prepared similarly to [5]. Yield: 96%. 1H NMR (400 MHz, CDCl3) ŭ 8.97 (dd, 

2H, J = 5.4; 1.0 Hz), 8.33 (m, 2H), 8.12 (dd, 2H, J = 7.8; 1.0 Hz), 7.88 (dd, 2H, J = 7.8; 5.4 Hz), 

7.76 (tt, 1H, J = 7.7; 1.5 Hz), 7.38 (ddd, 2H, J = 7.7; 4.8; 1.5 Hz), 2.17 (q, 2H, J = 7.4 Hz), 2.04 

(q, 2H, J = 7.4 Hz), 0.65 (t, 3H, J = 7.4 Hz), -0.10 (t, 3H, J = 7.4 Hz). 13C NMR (101 MHz, CDCl3) 

ŭ 160.24, 152.46, 150.73, 144.62, 139.87, 136.14, 129.14, 127.26, 61.00, 30.00, 29.90, 9.36, 7.94. 

Elem. anal. (Calcd: C, 39.89; H, 2.93; N, 5.81. Found: C, 39.99; H, 2.94; N, 5.79.) HRMS (ESI-

TOF) m/z: [7 -OTf-]+ Calcd for C23H21N3O3Re 574.1140; Found 574.1151. 

[Re(dafH)(CO)3(py)][OTf] [8]  

This was prepared similarly to [5]. Yield: 92%. 1H NMR (400 MHz, CDCl3) ŭ 8.81 (d, 2H, J = 5.4 

Hz), 8.36 (d, 2H, J = 7.8 Hz), 8.31 (m, 2H), 7.81 (tt, 1H, J = 7.7; 1.5 Hz), 7.74 (dd, 2H, J = 7.8; 

5.4 Hz), 7.40 (ddd, 2H, J = 7.7; 4.8; 1.5 Hz), 4.79 (d,1H, J = 22.3 Hz), 4.40 (d, 1H, J = 22.3 Hz). 
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13C NMR (101 MHz, CDCl3) ŭ 161.30, 152.43, 149.78, 140.01, 138.63, 138.58, 128.02, 127.39, 

37.68. Elem. anal. (Calcd: C, 36.04; H, 1.97; N, 6.30. Found: C, 36.26; H, 1.97; N, 6.25.) HRMS 

(ESI-TOF) m/z: [8 -OTf-]+ Calcd for C19H13N3O3Re 518.0514; Found 518.0519. 

3.6.1.3. Electrochemistry and Spectroelectrochemistry 

Electrochemical and spectroelectrochemical measurements were performed using a CH 

Instruments potentiostat (Model CHI650E) in a nitrogen atmosphere glovebox. All 

electrochemical and spectroelectrochemical measurements were carried out in an acetonitrile 

electrolyte solution containing tetrabutylammonium hexafluorophosphate (0.1 M). For CV and 

DPV experiments, a platinum disk (1.6 mm OD) was used as a working electrode (WE), a platinum 

coil was used as a counter electrode (CE), and Ag/AgNO3 (0.01 M) was used as a reference 

electrode (RE). CV scans were obtained at 100 mV/s and in the presence of ferrocene as an internal 

standard. Oxidation and reduction potentials were obtained from the respective DPV scans. 

UV/Vis spectroelectrochemical measurements were carried out using a Pt/Pt (WE/CE) honeycomb 

electrode and cuvette set (Pine Research Instrumentation, Inc.) and Ag/AgNO3 (0.01 M) as a 

reference. An Ocean Optics HR2000+ spectrophotometer with deuterium and halogen light 

sources was used to measure UV/Vis spectra. Controlled potential electrolysis experiments at the 

first reduction potentials were applied during which UV/Vis spectra were collected until the 

measured current reached a plateau. 

3.6.1.4. Quantum Yields and Emission Spectra 

Uncorrected emission spectra were collected on an Agilent Cary Eclipse fluorescence spectrometer 

for the estimation of E0-0 in acetonitrile. E0-0 was derived from the abscissa intercept of the tangent 

to the blue side of the emission spectrum.63 Corrected photoluminescence spectra were collected 

on an FS-920 spectrophotometer (Edinburgh Instruments) equipped with a 450 W Xe arc lamp 
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and an R2658P PMT detector (Hamamatsu). Samples (optical density, OD ~ 0.1 a.u. at ɚex = 410 

nm in DCM, excitation bandwidth = 5 nm) were prepared in a nitrogen filled glovebox. A solution 

of  [Ru(bpy)3][PF6]2 in aerated acetonitrile was used for referencing ( ʟ= 0.018).64 Excitation 

spectra were obtained on an Edinburgh Instruments FS5 fluorometer in aerated DCM. 

3.6.1.5. Excited State Lifetimes and Nanosecond Transient Absorption 

Kinetic and spectral time resolved data were collected using a laser flash photolysis system 

(LP920, Edinburgh instruments) equipped with a 450 W Xe arc lamp for the probe beam and a 

Radiant QX-4130 (OPOTEK Inc.) laser for the pump beam. An R2658P PMT detector 

(Hamamatsu) was used to obtain kinetic data while spectral data was collected with an iStar ICCD 

camera (Andor Technologies). Samples were prepared in DCM inside a nitrogen atmosphere 

glovebox (OD ~ 0.5 a.u. at ɚex = 410 nm in a 1 cm cuvette; pulse energy ~ 1.5-2.0 mJ/pulse for 

kinetics and emission spectral data; pulse energy ~ 3.0-3.5 mJ/pulse for spectral TA data). 

3.6.1.6. Time-Resolved Infrared (TRIR) Spectroscopy 

TRIR measurements were collected using an in-house constructed pump-probe system. The mode-

locked output from a seed laser (Coherent Vitara) was split into two: an unfiltered beam was used 

as the seed for the Coherent Astrella amplifier (1 kHz, 7 W, 800 nm) while a band-pass filtered 

beam (~12 nm at 800 nm) seeded the Coherent Libra amplifier (1 kHz, 4 W, 800 nm). The external 

Q-switch for the Libraôs pump (Coherent Evolution) was electronically delayed by the Coherent 

SDG Elite. This delay was computer controlled by the TRIR data acquisition software with 0.25 

ns precision, thereby providing variable nanosecond time delays between pump and probe. A 

portion of the Astrella output generated 400 nm excitation pulses within an optical parametric 

amplifier (Coherent OPerA Solo, UV-Vis). The 400 nm excitation (pump) beam went through an 

optical chopper that blocked every other pulse of the 1 kHz pulse train for the delta OD calculation. 
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The pump then passed through an optical delay stage that allowed one to compensate for the 

mismatch between the pump and probe optical lengths and find a temporal pump-probe overlap 

(time zero). The same optical delay stage was used in sub-picosecond TRIR experiments with 

delays up to ~4 ns. After the optical delay stage, the pump beam entered a home-built TRIR 

spectrometer and was focused into the sample. The mid-IR probe beam was generated in a 

Coherent OPerA Solo, DFG using a portion of the output from the Libra. After entering the TRIR 

spectrometer, the mid-IR probe beam was split 50/50 into probe and reference beams. The probe 

and reference had different optical paths and were offset vertically when focused into the sample 

cuvette, but only the probe beam was overlapped with the pump. Both the reference and probe 

beams were collected by a 64x2 dual array MCT liquid N2 cooled detector (FPAS 144 integrator 

and electronics from Infrared Systems Development Corporation) attached to a Horiba Scientific 

iHR320 imaging spectrograph purged with N2 gas. 3-D data (wavelength-time-TR signal) were 

collected using an in-house built LabVIEW software that provided electronic in addition to optical 

pump-probe delay. In a typical experiment, 1000 laser pulses are averaged for each data point in a 

single scan. The power of the pump beam striking the sample was maintained at 8-9 µJ/pulse. 

Samples were prepared in DCM in an N2 filled glovebox (MBraun) and injected into a Harrick 

demountable liquid cell with 25 mm BaF2 windows and 0.95 mm spacers. Samples were prepared 

to have a 0.2-0.4 OD at 400 nm. 

3.6.1.7. Electronic Structure Calculations 

Calculations were performed on 1-8 using the Gaussian16 (Revision C.02) software package.65 

DFT-B3LYP level of theory66ï68 with Grimmeôs D3 dispersion69 was used to optimize the singlet 

ground states and the lowest triplet excited states of all complexes. The basis set was chosen to be 

LANL2DZ + f effective core potential (ECP) for the rhenium atom and 6-311G* for all other 
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atoms (C, H, N, O, and Cl).70,71 A dichloromethane solvent correction was added using the 

polarized continuum model (PCM)71 for all the performed calculations. Molecular orbitals were 

visualized with an isovalue of 0.05.  

3.6.2. Figures 

3.6.2.1. 1H and 13C NMR Spectra 

 

Figure S3.1. 1H NMR spectrum (400 MHz) of dafone in CDCl3. 
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Figure S3.2. 1H NMR spectrum (400 MHz) of dafH in CDCl3. 

 

Figure S3.3. 1H NMR spectrum (400 MHz) of dedaf in CDCl3. 
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Figure S3.4. 1H NMR spectrum (400 MHz) of complex 1 in CDCl3. 

 

Figure S3.5. 13C NMR spectrum (101 MHz) of complex 1 in CDCl3. 
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Figure S3.6. 1H NMR spectrum (400 MHz) of complex 2 in CDCl3. 

 

Figure S3.7. 13C NMR spectrum (101 MHz) of complex 2 in CDCl3. 
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Figure S3.8. 1H NMR spectrum (400 MHz) of complex 3 in CDCl3. 

 

Figure S3.9. 13C NMR spectrum (101 MHz) of complex 3 in CDCl3. 
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Figure S3.10. 1H NMR spectrum (400 MHz) of complex 4 in CDCl3. 

 

Figure S3.11. 13C NMR spectrum (101 MHz) of complex 4 in CDCl3. 
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Figure S3.12. 1H NMR spectrum (400 MHz) of complex 5 in CDCl3. 

 

Figure S3.13. 13C NMR spectrum (101 MHz) of complex 5 in CDCl3. 
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Figure S3.14. 1H NMR spectrum (400 MHz) of complex 6 in CDCl3. 

 

Figure S3.15. 13C NMR spectrum (101 MHz) of complex 6 in CDCl3. 
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Figure S3.16. 1H NMR spectrum (400 MHz) of complex 7 in CDCl3. 

 

Figure S3.17. 13C NMR spectrum (101 MHz) of complex 7 in CDCl3. 
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Figure S3.18. 1H NMR spectrum (400 MHz) of complex 8 in CDCl3. 

 

Figure S3.19. 13C NMR spectrum (101 MHz) of complex 8 in CDCl3. 
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Figure S3.20. 1H NMR spectrum (400 MHz) of complex 9 in CDCl3. 

 

Figure S3.21. 13C NMR spectrum (101 MHz) of complex 9 in CDCl3. 
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Figure S3.22. 1H NMR spectrum (400 MHz) of complex 10 in CDCl3. 

 

Figure S3.23. 13C NMR spectrum (101 MHz) of complex 10 in CDCl3. 
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3.6.2.2. Mass Spectrometry 

 

Figure S3.24. HRMS (ESI-TOF) of 4,5-diazafluoren-9-one dissolved in DCM and injected by flowing water/ACN 

5:95. 

 

Figure S3.25. HRMS (ESI-TOF) of dafH dissolved in DCM and injected by flowing water/ACN 5:95. 

 

Figure S3.26. HRMS (ESI-TOF) of dedaf dissolved in DCM and injected by flowing water/ACN 5:95. 



   

120 

 

 

Figure S3.27. HRMS (ESI-TOF) of complex 1 dissolved in DCM and injected by flowing water/ACN 5:95. 

 

Figure S3.28. HRMS (ESI-TOF) of complex 2 dissolved in DCM and injected by flowing water/ACN 5:95. 

 

Figure S3.29. HRMS (ESI-TOF) of complex 3 dissolved in DCM and injected by flowing water/ACN 5:95. 












































































































































































































































































































