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Abstract 

 

Photoexcited Rylenediimide Radical Anions and Dianions for the Photoreduction of  

Carbon Dioxide Reduction Catalysts 

 

Jose Fabian Martinez 

 

The development and use of organic anionic chromophores that absorb the entire visible 

spectrum & into the near-infrared region while providing highly reducing equivalents is pinnacle 

for artificial photosynthesis. This dissertation investigates the rational design of new donor-

acceptor systems for artificial photosynthesis that couple naphthalene diimide (NDI)/perylene 

diimide (PDI) radical anions to rhenium(I)/manganese(I) tris carbonyl diimine catalysts and the 

parameters at play that govern photoinduced electron transfer. The synthesis of these new donor-

acceptors that incorporate organic radical anions and their characterization via electrochemical and 

ultrafast spectroscopy grants new insights into the charge-separated species formed upon 

excitation and their capabilities for reducing thermodynamically difficult substrates. Most notably, 

photoreduction of carbon dioxide (CO2) catalysts and the fundamental photoinduced electron 

transfer events for solar fuel production. 

In this work, the first artificial photosynthetic system that incorporates NDI•− and PDI•− 

with an organometallic acceptor is explored. Femtosecond and nanosecond transient absorption 

spectroscopy were utilized to monitor the entire photoreduction process when NDI•− or PDI•− is 

attached to the bipyridine on Re(bpy)(CO)3X or Mn(bpy)(CO)3X. Femtosecond visible pump mid-

infrared probe spectroscopy allowed for direct observation of Re(bpy•−)(CO)3X or 

Mn(bpy•−)(CO)3X  upon electron transfer from the photoexcited organic radical chromophore. The 

extension of the distance between NDI•− and Re(bpy)(CO)3X by incorporating the intermediate 
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acceptor diphenyl anthracene (DPA) proved fruitful in maintaining a high quantum yield of 

forward electron transfer while extending the lifetime of the charge separated species generated. 

In Mn(bpy)(CO)3X, simply by attaching the NDI•− chromophore at the 6-position of bipyridine 

with no intermediate acceptor lead to nanosecond charge separated species and the formation of 

Mn(0)(bpy)(CO)3.  
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PyPhNDI1− (λex = 605 nm) showing biphasic back electron transfer kinetics. Kinetic traces and 

fits are shown in Figure 2.23. (C) fsIR spectra and (D) kinetic traces with fits for complex Phbpy-

Re-PyPhNDI1− (λex = 605 nm) showing monophasic back electron transfer kinetics. The 

instrument response is approximately 2 ps. .................................................................................. 72 
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Figure 5.2: Cyclic voltammograms of 0.5 mM DMF solutions of complexes 1-3 (A), 4-6 (B), and 

7-9 (C), recorded at 100 mVs-1 at room temperature with 0.1 M TBAPF6 as supporting electrolyte. 

Potentials are reported versus (Fc/Fc+ occurs at 0.45 V vs SCE in DMF). ................................ 176 

Figure 5.3: UV/Visible/NIR (left) and mid-IR (right) steady-state spectra of 3 in DMF without 

(black) and with excess TDAE (red). The mid-IR spectrum is identical in the presence or absence 
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Figure 5.4: Left: fsTA spectrum of Re(6-bpy-NDI•−)(CO)3Cl in DMF with excess TDAE (λex = 

605 nm). Center: Species-associated spectra obtained from global analysis of TA data using 
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are given in the legend. Right: Kinetic traces (solid) and fits (dashed) obtained by SVD of fsTA 
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Figure 5.18: Top left: Electronic absorption spectrum of NDI-4Phbpy-ReCl in DMF without 

(black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-4Phbpy-ReCl in DMF 

with excess TDAE (λex = 605 nm). Top right: Species-associated spectra obtained from global 

analysis of TA data using Singular Value Decomposition (SVD) kinetic traces. Best-fit lifetimes 

of each spectral component are given in the legend. Bottom right: Kinetic traces (solid) and fits 

(dashed) obtained by SVD of fsTA data. Best-fit lifetimes are given in the legend for the species-

associated spectra. ....................................................................................................................... 219 

Figure 5.19: Top left: FTIR spectrum of NDI-4Phbpy-ReCl in DMF. Bottom left: fsIR spectrum 

of NDI-4Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: Kinetic traces of the 

fsIR at the given frequencies. ...................................................................................................... 220 

Figure 5.20: Top left: Electronic absorption spectrum of NDI-4Phbpy-RePy in DMF without 

(black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-4Phbpy-RePy in DMF 

with excess TDAE (λex = 605 nm). Top right: Species-associated spectra obtained from global 

analysis of TA data using Singular Value Decomposition (SVD) kinetic traces. Best-fit lifetimes 

of each spectral component are given in the legend. Bottom right: Kinetic traces (solid) and fits 

(dashed) obtained by SVD of fsTA data. Best-fit lifetimes are given in the legend for the species-
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Figure 5.21: Top left: FTIR spectrum of NDI-4Phbpy-RePy in DMF. Bottom left: fsIR spectrum 

of NDI-4Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: Kinetic traces and 

fits to the specified lifetime of the fsIR at the given frequencies. .............................................. 222 

Figure 5.22: Top left: Electronic absorption spectrum of NDI-5Phbpy-ReCl in DMF without 

(black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-5Phbpy-ReCl in DMF 

with excess TDAE (λex = 605 nm). Top right: Species-associated spectra obtained from global 

analysis of TA data using Singular Value Decomposition (SVD) kinetic traces. Best-fit lifetimes 

of each spectral component are given in the legend. Bottom right: Kinetic traces (solid) and fits 

(dashed) obtained by SVD of fsTA data. Best-fit lifetimes are given in the legend for the species-
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Figure 5.23: Top left: FTIR spectrum of NDI-5Phbpy-ReCl in DMF. Bottom left: fsIR spectrum 

of NDI-5Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: Kinetic traces of the 
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Figure 5.24: Top left: Electronic absorption spectrum of NDI-5Phbpy-RePy in DMF without 

(black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-5Phbpy-RePy in DMF 

with excess TDAE (λex = 605 nm). Top right: Species-associated spectra obtained from analysis 

of TA data using kinetic traces at multiple wavelengths. Best-fit lifetimes of each spectral 

component are given in the legend. Middle right: Calculated populations of each spectral 

component over time using lifetimes given. Bottom right: Kinetic traces and fits at given 
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Figure 5.25: Top left: FTIR spectrum of NDI-5Phbpy-RePy in DMF. Bottom left: fsIR spectrum 

of NDI-5Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: Kinetic traces and 

fits to the specified lifetime of the fsIR at the given frequencies. .............................................. 226 
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Figure 5.26: Top left: Electronic absorption spectrum of NDI-6Phbpy-ReCl in DMF without 

(black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-6Phbpy-ReCl in DMF 

with excess TDAE (λex = 605 nm). Top right: Species-associated spectra obtained from global 

analysis of TA data using Singular Value Decomposition (SVD) kinetic traces. Best-fit lifetimes 

of each spectral component are given in the legend. Bottom right: Kinetic traces (solid) and fits 

(dashed) obtained by SVD of fsTA data. Best-fit lifetimes are given in the legend for the species-

associated spectra ........................................................................................................................ 227 

Figure 5.27. Top left: FTIR spectrum of NDI-6Phbpy-ReCl in DMF. Bottom left: fsIR spectrum 

of NDI-6Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: Kinetic traces of the 
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Figure 5.28: Top left: Electronic absorption spectrum of NDI-6Phbpy-RePy in DMF without 

(black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-6Phbpy-RePy in DMF 

with excess TDAE (λex = 605 nm). Top right: Species-associated spectra obtained from global 

analysis of TA data using Singular Value Decomposition (SVD) kinetic traces. Best-fit lifetimes 

of each spectral component are given in the legend. Bottom right: Kinetic traces (solid) and fits 

(dashed) obtained by SVD of fsTA data.  Best-fit lifetimes are given in the legend for the species-
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Figure 5.29: Top left: FTIR spectrum of NDI-6Phbpy-RePy in DMF. Bottom left: fsIR spectrum 

of NDI-6Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: Kinetic traces and 
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in DMF, (B) complex 2 with 0.1 M TBAPF6 in MeCN, (C) and complex 3 with 0.1 M TBAPF6 in 

DMF under argon (black), saturated with CO2 (dashed red line) with  MeOH (3M). Scan rate: 100 
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Figure 6.31: Complex 3•−. λ = 605 nm, 1.0 μJ/pulse, DMF. (A) Species-associated spectra 

obtained by global fitting. (B) Transient kinetics at selected wavelengths. (C) Populations of the 

transient species. ......................................................................................................................... 281 
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1.1 The Energy Challenge 

 

The rapid and ever growing global energy demand poses one of the greatest global and 

scientific challenges humanity has ever faced. As the world’s population is expected to grow to 

8.5 billion by the year 2030, the amount of energy required to sustain the population growth and 

gross domestic product (GDP) is expected to exceed 27W.1 This amount of energy is 

approximately double the global demand for energy in the year 2001.2 With ~87% of the world’s 

energy usage coming from the combustion of fossil fuels, the repercussions of seeping carbon 

dioxide (CO2) and greenhouse gasses into the atmosphere is beginning to have major repercussions 

on the global scale and will continue to do so without human intervention. If humanity continues 

along the current path, by the year 2100, climate change will force the mass migration of over one 

billion people. In the meantime, storms and their destructive forces will become stronger and more 

apparent, as The United States of America and Puerto Rico have faced in recent times.  

As we grapple with climate change, the only clean and renewable source of energy 

available to meet the global energy demand is the sun. The sun is a nuclear reactor in the center of 

our solar system that is expected to continue to provide solar photons for the next five billion years, 

~7 million future generations of human life. As we stand, only 10% of the global energy supply 

comes from renewable energy while most of the rest comes from fossil fuels, Figure 1.1.2 The 

amount of solar photons that reach the earth’s surface is not limiting solar technologies from 

producing electricity on the multi-TW. Current strategies towards harvesting the sun’s photons 

aim to generate electricity through solar photovoltaic devices including crystalline silicon cells,3-4 

organic photovoltaics,5-7 or dye-sensitized solar cells8-9. In comparison to fossil fuels, the energy 

storage densities for electricity is still low compared to the energy stored in the chemical bonds of 
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liquid fuels (though much needed research is currently being pursued to improve battery 

technologies). 10-12 

 

1.2 Natural and Artificial Photosynthesis for Solar Fuels 

 

The storage of solar energy into chemical bonds, “solar fuels”, is one that can be found in 

nature. For the past billions of years, plants have been using solar photons to convert water (H2O) 

into highly reducing equivalents for the conversion of CO2 to glucose.13-14 For example, within 

green plants, are two photosynthetic reaction centers named photosystem I (PSI) and photosystem 

II (PSII) that linearly transport electrons from H2O splitting in oxygenic photosynthesis via a Z-

scheme model.15 The transfer of electrons and protons within PSI and PSII to CO2 is aided by a 

third protein cytochrome b6f (Cyt b6f). The three supramolecular structures, Cyt b6f, PSI, and PSII 

are in the photosynthetic membrane so that the flow of electrons to NADP+ is vectorial, generating 

a proton gradient across the membrane. This proton gradient is used chemiosmotically by CF0 –

CF1, to drive the ATP synthase to convert ADP to ATP in order to provide chemical energy for 

the CO2-reduction process.13 These naturally occurring processes in green plants demonstrate how 

Figure 1.1: Global supply of commercially traded primary energy, from BP 2015. 
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nature effectively balances light absorption, charge separation, charge accumulation, and catalysis, 

giving chemists a blueprint for developing artificial supramolecular systems, whether it be for H2O 

splitting or CO2 reduction. 

Over the past several decades, scientists have coined the term “artificial photosynthesis” to 

describe the development of systems that mimic or utilize processes “illustrated” in nature’s 

blueprint. While much progress has been made in understanding and mimicking photosynthesis in 

artificial systems, researchers have not yet developed components that can effectively convert and 

store solar energy in chemical bonds on a large scale. Additionally, the targets for solar fuels (e.g. 

hydrogen (H2), methanol, or methane) add additionally complexity. While hydrogen is a clean 

burning fuel, many challenges arise in incorporating the molecule into today’s room temperature 

liquid driven fuel infrastructure.16 Instead, the reduction of carbon dioxide (CO2) to carbon 

monoxide (CO) is an attractive feedstock option as the industrially utilized Fischer–Tropsch 

process regularly converts CO and H2 into fuel that would fit into today’s trillion dollar fuel 

industry.17  To date, the focus has been to design and synthesize electrocatalysts that can be 

incorporated into assemblies that generate charge separation via light.18 

1.3 CO2 reduction catalysts 

The thermodynamic potential for the direct reduction of CO2 to CO2
•− is quite negative and 

requires nearly two eV of free energy.19-20 To lower this thermodynamic potential, a 

proton/multiple electron-assisted approach to CO2 reduction significantly lowers the 

thermodynamic potential, scheme 1.1. Transition metal complexes have the capability to bind and 

facilitate multi electron and proton assisted pathways and grant chemists a diverse toolkit and 

platform to conduct catalysis. The capability to fine tune properties via ligand structures and metal 
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oxidations states allows chemists to drastically alter their electro- or photocatalytic capabilities. Of 

the transition metal complexes that can electrochemically reduce CO2 to CO, fac-Re(b

py)(CO)3Cl (bpy = 2,2′-bipyridine) and its derivatives demonstrate high rates, selectivity, and 

lifetimes in comparison to other transition metal complexes.21-24 While the transition metals found 

on the second- and third-row of the periodic table have shown superior activities and stabilities for 

CO2 reduction when compared to their first-row counterparts, their low abundance on Earth makes 

them expensive and not ideal for use on an industrial scale. Rhenium (Re) is approximately 1.3 

million times less abundant than manganese (Mn) in the Earth’s crust and complexes that utilize 

manganese more practical for large scale-up. Bourrez et al. discovered that the rhenium in 

Re(bpy)(CO)3Cl could be replaced with manganese to form Mn(bpy)(CO)3Br, with the help of an 

external Brønstead acid, upon double reduction could also reduce CO2.
25 Smieja et al then 

demonstrated that by selecting the proper conditions, Mn(tbu2-bpy)(CO)3Br could outperform the 

rhenium analogue.26  

1.4 Integration of Chromophores with CO2 Reduction Catalysts 

One of the major challenges in artificial photosynthesis is to reduce CO2 using solar 

photons that span the solar spectrum.27 Typical electrocatalysts (like Re(bpy)(CO)3Cl or 

CO2 + e−  → CO2
•−                                         E0′ =  −1.90 V vs NHE 

CO2 + 2H+ + 2e−  → CO +  H2O                 E0′ =  −0.53 V vs NHE 

CO2 + 2H+ + 2e−  → HCO2H +  H2O         E0′ =  −0.61 V vs NHE 

CO2 + 4H+ + 4e−  → HCHO +  H2O           E0′ =  −0.48 V vs NHE 

CO2 + 6H+ + 6e−  → CH3OH +  H2O         E0′ =  −0.38 V vs NHE 

CO2 + 8H+ + 8e−  → CH4 +  H2O               E0′ =  −0.24 V vs NHE 

2H+ + 2e−  →  H2                                            E0′ =  −0.41 V vs NHE 

Scheme 1.1: Thermodynamic potentials for the reduction of CO2 under standard 

conditions in aqueous solution: pH 7, 25 oC, 1 atmosphere of gases, and 1 M solutes 
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Mn(bpy)(CO)3Br)  employed to reduce CO2 function at potentials between 1.0–1.9 V vs SCE,28-31 

a potential accessible using organometallic chromophores that absorb at wavelengths shorter than 

550 nm. 32-36 In addition, many of these highly reducing chromophores incorporate non-earth-

abundant metals such as Ir,37-38 Pt,39 or Re.40 There are reports of covalent assemblies of 

organometallic chromophores with CO2 reduction catalysts, the most widely researched of which 

are the RuII(bpy)3–Re(I)(bpy)(CO)3 assemblies reported by Ishitani and co-workers,31, 41 which 

achieve photocatalysis at wavelengths <500 nm. There has also been a report of a complex of an 

IrIII(1-phenylisoquinoline)2(bpy) complex attached to a Re(bpy)(CO)3 catalyst, in which catalysis 

is achieved upon illumination at 480 nm.42 Other assemblies that function at slightly longer 

wavelengths (<600 nm) incorporate zinc or magnesium porphyrins43 or OsIII(bpy)3.
44 Though there 

currently is no report of covalently attached photosensitizers to Mn(bpy)(CO)3. 

In contrast to organometallic chromophores, purely organic chromophores that absorb in 

the visible region do not typically possess the excited-state reduction power required to 

photosensitize CO2 reduction catalysts. However, it has been shown that certain organic 

chromophores, when reduced by one or two electrons, become powerful excited-state super-

reductants that absorb long-wavelength visible and even near-infrared light while still exhibiting 

long enough lifetimes for use in donor–acceptor systems.45 The use of a pre-reduced chromophore 

to transfer electrons to a CO2 reduction catalyst has been previously demonstrated by Neumann 

and co-workers in a system in which a colorless polyoxometalate is reduced at mild potential in 

the presence of protons to generate an intensely absorbing chromophore.46 The polyoxometalate 

is coordinated to a bimetallic CO2 reduction catalyst, and photoexcitation of the reduced 

chromophore results in the reduction of CO2 to CO.  
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1.5 Introduction of NDI and PDI 

The photophysical properties of the anions and dianions of NDI and PDI were first 

investigated by the Wasielewski group. Shown in Figure 1.2 are the spectra of NDI and PDI in 

their neutral and reduced forms.47 Gosztola and co-workers using electrochemical reduction of 

neutral NDI or PDI in DMF solutions in an optically transparent thin layer electrochemical 

(OTTLE) cell observed the reduced counterparts. Gosztola et al. also collected transient absorption 

data on the radical anions of NDI and PDI produced by electrochemical reduction in order to 

determine their excited-state lifetimes (Table 1.1). Outside of the Wasielewski group, Rybtchinski 

and co-workers reduced a water-soluble PDI in aqueous solution with sodium dithionite and 

determined the lifetime of the PDI dianion by fluorescence lifetime measurement.48 The results of 

these various experiments are presented in table 1.1. These data allow us to use time-resolved UV-

Vis-NIR spectroscopy (fsTA and nsTA, for femtosecond-scale and nanosecond-scale 

spectroscopy, respectively) to determine the excited-state and oxidation state dynamics of 

complexes containing RDI moieties. 

Table 1.1.Photophysical properties of N,N′-bis(2,5-di-tert-butylphenyl) PDI and NDI in the 

neutral (N), radical anion (R•−), and dianion (R2–) forms. All data taken from45 unless noted. 

Compound 

N: λ (nm) (ε 

(M–1 cm–1)) 

R•−: λ (nm) (ε 

(M–1 cm–1)) 

R2–: λ (nm) (ε 

(M–1 cm–1)) 

1*N: τ (ps) 2*R•−: τ (ps) 1*R2–: τ (ps) 

NDI 

361 (15100) 

381 (16400) 

474 (26000) 

605 (7200) 

698 (2400) 

777 (4100) 

 

400 (19500) 

423 (26700) 

520 (2600) 

563 (6300) 

612 (10600) 

 141 ± 7  

PDI 

458 (19300) 

490 (51000) 

526 (80000) 

680 (50600) 

700 (79800) 

712 (74200) 

766 (21600) 

795 (49600) 

955 (28200) 

532 (42400) 

570 (80000) 

597 (36700) 

646 (18100) 

720 (3400) 

3800 ± 100 145 ± 15 6500 48 
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The Wasielewski group first investigated the photoexcitation of NDI•– in the context of 

molecular photoswitches.49-50 In those reports, NDI•– was generated transiently via excited-state 

electron transfer from an attached chromophore and was then excited by a second pump pulse. 

This scheme is usually called, pump-pump-probe spectroscopy. The excited NDI•– was able to 

undergo oxidative quenching to transfer an electron to an acceptor that could not have been 

reduced by the excited state of the first chromophore. While described at the time as a type of 

molecular photoswitch, the system also resembles a simplified version of the photosynthetic Z 

scheme, in which a difficult-to-reduce substrate is reduced using visible light photons absorbed by 

a series of chromophores. 

The first report of an application of a PDI anion chromophore was published by König and 

co-workers in 2014.51 In that paper, the authors report the dehalogenation of thermodynamically 

difficult to reduce substrates by the photoexcitation of PDI•–. Neutral PDI was found to convert 

quantitatively to the PDI radical anion upon irradiation with 455 nm light and triethylamine as the 

sacrificial electron donor. Photocatalytic experiments using 455 nm light were subsequently 

Figure 1.2: Ground-state absorption spectra of neutral, radical anion, and dianion forms 

of NDI (top) and PDI (bottom) in DMF + Bu4NPF6.  
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performed in the presence of a halogenated aromatic electron acceptor, and it was found that 

aromatic dehalogenation occurred with substrates whose reduction potentials fell below that of the 

excited state oxidation potential of the PDI•–. The authors postulate a Z-scheme-like mechanism 

in which neutral PDI is excited and reductively quenched by NEt3 to produce the PDI radical anion. 

Subsequent excitation of the PDI•– results in reduction of the aryl halide to its radical anion, 

followed by halide loss and reaction of the aryl radical with NEt3
•+ and a solvent molecule to 

produce the dehalogenated aryl product. Curiously, the reaction mechanism proposed and 

substantiated through various control experiments implies the photoexcitation of the PDI radical 

anion by 455 nm light, a wavelength at which the PDI•– does not absorb. No explanation is given 

for this discrepancy. Though recent work has postulated that a degradation product initiates the 

dehalogenation product as opposed to PDI•–.52 

1.6 Selection for NDI/PDI and Re(bpy)(CO)3L/Mn(bpy)(CO)3L 

 

NDI/PDI derivatives have been previously incorporated into all-organic donor-acceptor 

systems, but have not yet been shown to reduce organometallic centers. RDI anion chromophores 

were chosen on the basis of their relatively long excited-state lifetimes and the ease with which 

they can be incorporated synthetically into donor–acceptor assemblies, including metal centers 

capable of reducing CO2. Chosen for our initial studies was the prototypical CO2 reduction catalyst 

Re(bpy)(CO)3L and Mn(bpy)(CO)3L. These metal centers were chosen for several reasons: first, 

their spectroscopic properties are well-understood, allowing for facile interpretation of our TA 

data; second, its ligand arrangement allows the chromophore to be attached to the metal center 

using a variety of geometries, allowing us to explore the effect of geometry on the rate and yield 

of charge separation; third, there is precedent for photodriving the rhenium complex as a catalyst 

using a covalently attached chromophore.31, 44, 53-57 Finally, the complex is known to reduce CO2 
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through a different set of pathways depending on whether the complex is reduced by one or two 

electrons before catalysis is initiated.58-60 This property leaves open the possibility, which we have 

not yet explored extensively, of attaching multiple chromophores to the metal center and 

photodriving catalysis via the two-electron pathway. 

 

An alluring property of NDI and PDI with respect to the use of their anions as 

chromophores is the ease with which they can be reversibly reduced.45 The reduction potential 

remains fairly invariant despite changes to the substituent on the imide, reflecting the lack of 

electronic coupling between the RDI core and the imide. Gosztola et al studied NDI with both 2,5-

di-tert-butylphenyl and n-octyl substituents and found that in both cases, the first reduction 

occurred at −0.48 V vs SCE, while the second occurred at −0.99 V. The first reduction of PDI was 

found to occur only slightly more positive of the first reduction of NDI, at −0.43 V vs SCE, while 

the second reduction was significantly less negative than that of NDI, at −0.70 V. The positive 

Scheme 1.2: Structures of naphthalenediimide (NDI), perylenediimide (PDI), 

Re(bpy)(CO)3L, and Mn(bpy)(CO)3L 



39 

 

shift in reduction potential as the RDI core is expanded is attributed to the delocalization of the 

extra electron across a larger aromatic region.61 In the molecules studied in this study, the distal 

imide position on the NDI was substituted with 2,5-di-tert-butylphenyl, and the distal imide on the 

PDI was substituted with a tricosan-12-yl group to ensure the solubility of the respective diimides, 

and allows for desired chemistry to partake. 

The electrochemistry of the Re(bpy)(CO)3L and Mn(bpy)(CO)3L systems has been 

extensively studied.25, 60, 62-69 Briefly, the Re complex can be reduced twice under inert atmosphere, 

with the first reduction, occurring around −1.1 V vs SCE, corresponding to the reduction of the 

bipyridine ligand from 0 to −1, and the second, occurring around −1.5 V vs SCE, to the reduction 

of the Re center from +1 to 0 and the simultaneous loss of the 6th coordinating ligand. The three 

most notable differences between the Mn and Re analogues are their CO2 reduction overpotential 

and reduction pathways. For example, the Mn(bpy)(CO)3Br complexes reduce CO2 to CO at ~0.3V 

less, the first reduction is metal based while the second reduction is bipyridine localized, and the 

Mn complexes upon single-electron reduction rapidly lose Br and dimerize to form Mn0-Mn0 

complexes.68 Overall, varying the substituents on the bpy ligand from electron donating to electron 

withdrawing can tune its reduction potential over a range of more than 700 mV while having a 

smaller effect on the reduction of the Re or Mn center. Varying the charge on the L ligand from 

neutral to anionic varies the reduction of the bpy ligand over a smaller range (~100–200 mV) while 

having a similar effect on the reduction of the Re or Mn center. It has also been observed that in 

general, better activity as a photo- or electrocatalyst correlates with a more negative potential for 

the reductions of both the bpy ligand and the Re/Mn center, although there are other properties 

that affect catalytic ability.28, 40, 62, 70  
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1.7 First Integration of NDI Anion Chromophores with CO2 reduction Catalysts 

 

Our work at the beginning of this project has focused on a set of dyads in which two NDI 

radical anion chromophores are attached to Re(bpy)(CO)3 through the bipyridine ligand. Our 

ultimate goal is to employ the corresponding earth abundant Mn(bpy)(CO)3 complex for CO2 

reduction catalysis. However, the Re complex is more stable and can serve to test the design 

strategy of the new photosensitizers we are employing. The NDI chromophores are reduced with 

a mild reducing agent (tetrakisdiethylamino, TDAE), after which excitation of NDI•– with long-

wavelength red or near-infrared light leads to reduction of the Re complex. The kinetics of electron 

transfer from the photoexcited anions to the Re complex are monitored using femtosecond 

transient visible/near-IR (fsTA) and mid-IR (fsIR) spectroscopy. The photo-driven charge shift 

from the NDI•– to the complex occurs in picoseconds, but back electron transfer is found to be 

slower. 

Figure 1.3: A) structure of Re(NDI
2
bpy)(CO)

3
Br. B) Energy level diagram of relevant 

excited and ionic states accessible following a single 100 fs laser pulse. 

A B 
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 We prepared the Re(bpy)(CO)3 complex shown in Figure 1.3A having two NDI 

chromophore attached to the bpy of the complex. Thus far in this project we have excited one of 

the two reduced NDI chromophores to test whether the single phenyl linker group between the 

NDI molecules and the bpy ligand decreases the electronic coupling between them sufficiently to 

give the reduced bpy a long enough lifetime to allow the second reduction to occur. The relevant 

electrochemistry for the NDI2bpy ligand is shown in Figure 1.4A, while that of the 

Re(NDI2bpy)(CO)3Br complex is shown in Figure 1.4B. In both cases there are two distinct 

reversible reduction waves for NDI as it is reduced to the anion and dianion This is followed by 

reduction of bpy at nearly -2.0 V in the ligand and -1.3 V in the complex.  The final  reduction of 

the complex occurs at the Re center at -1.6 V which coincides with the loss of the bromide. Both 

the bpy ligand and the Re center in the complex can be reduced by the excited state of the NDI•− 

because it can deliver -2.1 V of reducing potential to a substrate.  

 An important question that occurs whenever a photosensitizer is covalently attached to a 

catalyst is whether the catalyst remains active to the same degree as when it functions as an 

Figure 1.4: Electrochemistry in DMF with 0.1 M TBAPF
6
 using ferrocene/ferrocenium 

as a reference. A) NDI
2
bpy ligand. B) Re(NDI

2
bpy)(CO)

3
Br complex. 

A B 
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electrocatalyst. We tested the Re(NDI2bpy)(CO)3Br complex by performing electrocatalytic 

reduction of CO2 to CO.  Catalysis must be performed in the presence of a weak acid.  The cyclic 

voltammograms in Figure 1.5A show the changes in redox behavior that occur when increasing 

concentrations of methanol, which acts as a weak acid are added to a N,N-dimethylformamide 

(DMF) solution of the complex.  While some of the potentials shift, all remain essentially 

reversible.  Figure 1.5B shows the clear appearance of a strong catalytic wave in the voltammetry 

when CO2 is added to the solution along with methanol. The catalytic wave indicates that the Re 

complex is fully functional as a CO2 reduction catalyst even though two NDI photosensitizers have 

been appended to the bpy. 

 

Figure 1.6A shows the fsTA spectra of Re(NDI2bpy)(CO)3Br in DMF as a function of time 

following a 100 fs laser pulse. The spectrum of NDI•− bleaches immediately and electron transfer 

occurs from NDI•− to bpy in  = 2 ps.  The corresponding back electron transfer process occurs in 

Figure 1.5: Electrochemistry of Re(NDI
2
bpy)(CO)

3
Br in DMF with 0.1 M TBAPF

6
 

using ferrocene/ferrocenium as a reference. A) methanol added. B) methanol and CO
2
 

added. 

A B 
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 = 30 ps. The energy levels and electron transfer pathways are shown in Figure 1.6C.  The lifetime 

of the reduced bpy ligand needs to be increased to be a functional in CO2 reduction catalysis.  This 

can be done by inserting additional phenyl spacers between the NDI photosensitizer and the bpy.  

Based on our earlier work on organic donor-spacer-acceptor systems, each phenyl should results 

in about a factor of 10 increase in lifetime.  Alternatively, we can employ an intermediary electron 

acceptor in a two-step electron transfer process, which could increase the lifetime by a factor of 

106. Our future work will explore both design options, so that we can develop a system in which 

the sequential application of two laser pulses can give us the doubly-reduced complex.  This 

complex will bind CO2 and begin the catalytic cycle for CO production. Using our fsIR 

spectroscopy apparatus, we should be able to monitor key intermediates in the process as the 

vibrational frequencies of the carbonyl ligands respond to electronic changes within the complex. 

 

  

Figure 1.6: Photochemistry of 

Re(NDI
2
bpy)(CO)

3
Br in DMF. A) fsTA spectra 

as a function of time. B) Electron transfer 

pathway following absorption of one photon. C) 

Energy level diagram and time constants for 

forward and reverse electron transfer.  

A B 

C 

 = 2 ps 

 = 30 ps 
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1.8 Thesis Outline 

 

The primary intention of this work is to investigate the electron transfer events from the 

naphthalene diimide and perylene diimide radical anions to rhenium and manganese tris carbonyl 

diimine catalysts by time-resolved techniques. Our initial study involved covalently attaching two 

NDI chromophores to Re(bpy)(CO)3Br as our end goal was to observe two sequential electron 

transfer processes upon selective excitation of the NDI•− chromophores, this is detailed at the end 

of the introduction in Chapter 1. The issue though was the lifetime of the reduced complex, 

Re(bpy•−)(CO)3L,  was inherently too short for pump-pump-probe transient absorption 

spectroscopy, as a result we aimed to systematically study the attachment of NDI to 

Re(bpy)(CO)3L in order to understand the electron transfer processes further. Proceeding this 

study, in Chapter 2, different motifs were synthesized with NDI or PDI which involved direct 

attachment of the RDI chromophore to the Re(bpy)(CO)3 complex by either through the bipyridine 

ligand or through the pyridine ligand. In Chapters 3 and 4, a second generation of molecules 

comprised the same attachment geometries but with the addition of an intermediate electron 

acceptor. This intermediate acceptor was inserted in order to facilitate a longer lifetime of the final 

charge-separated state without compromising the rate of formation of that state. The complexes 

described in Chapter 3 had a critical element that was improved in Chapter 4, in that the 

intermediate acceptor was linked through the bipyridine instead of directly to the rhenium center. 

Proceeding these developments, in Chapter 5 & 6 we investigated the substituent position of NDI 

chromophore around the 4, 5, and 6 positions of bipyridine and the Gibbs free energy for back 

electron transfer for Mn & Re complexes. With respect to Re, these complexes illustrated that the 

electronic coupling in the final charge separated state dictated the longer charge separated lifetimes 

in 6 than in the 5 or 4 bound complexes. Surprisingly, the Mn complex that had the NDI•− 
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chromophore at the 6 positions of bipyridine produced long lived intermediates and new transition 

flow that had not been observed before.   
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Chapter 2 Photoinduced Electron Transfer from the Radical 

Anions and Dianions of Naphthalene and Perylene Diimides to 

Re(bpy)(CO)3 Using Red and Near-Infrared Light 
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2.1 Introduction 

One desirable component in the development of artificial photosynthetic systems is a 

chromophore having an excited state capable of reducing thermodynamically demanding 

organometallic catalysts using the majority of the solar spectrum available at Earth’s surface, 

including low energy photons in the near-infrared region. In the field of organometallic 

photochemistry, highly reducing chromophores have been developed, but these chromophores 

often incorporate non-earth-abundant metals such as Ir37-38, Pt,39 or Re40 and none absorb light at 

wavelengths longer than 550 nm.32-34, 36, 71 There are very few reports of such highly reducing 

chromophores being incorporated into donor-acceptor assemblies, with only one report to date of 

an Ir-based photosensitizer and a CO2 reduction catalyst, in which an IrIII(1-

phenylisoquinoline)2(bpy) complex is attached to a Re(bpy)(CO)3 catalyst, and catalysis is 

achieved upon illumination at 480 nm.42 There have also been a handful or reports of donor-

acceptor assemblies run at wavelengths as long as 600 nm that incorporate less highly reducing 

chromophores such as zinc or magnesium porphryrins43 and OsIII(bpy)3.
72 

In the field of fully organic photochemistry, most highly reducing chromophores absorb in 

the blue or UV regions, while those that absorb in the longer-wavelength visible region are 

typically not powerful enough reductants to reduce carbon dioxide reduction catalysts. However, 

the radical anions and dianions of the rylenediimide (RDI) dyes perylene-3,4:9,10-

bis(dicarboximide) (PDI) and naphthalene-1,4:5,8-bis(dicarboximide) (NDI) are much stronger 

reductants than their neutral counterparts, while their absorption spectra extend significantly into 

the red or even near-infrared.45 When stored under inert atmosphere, these chromophores are stable 

in organic or even aqueous solution.48 A similar strategy, in which a reduced chromophore is used 

to sensitize a Re(bpy)(CO)3 center, has been reported very recently by Neumann and co-workers 
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in a system incorporating a reduced polyoxometalate as a long-wavelength-absorbing 

chromophore.73 This method, in which a highly reducing chromophore is easily generated using 

chemical or electrochemical means and subsequently used to drive a highly endothermic electron 

transfer reaction, is applicable not only to the study of carbon dioxide reduction, but could also be 

employed to facilitate other transformations such as photoelectrocatalytic N2 reduction or 

photoredox reactions involving electron-rich organic substrates that are not easily reduced using 

typical photoredox chromophores. 

When used as electron acceptors, rylenediimides have been incorporated into numerous 

donor-acceptor assemblies using well-developed synthetic procedures. In a limited number of 

reports, assemblies have been developed to use the excited states of the PDI and NDI radical anions 

as electron donors to other organic molecules,49-50, 74-75 but to date there have been no similar 

reports of electron transfer from the excited closed-shell dianions of either molecule, nor have 

there been any reports of electron transfer from any excited PDI or NDI anionic species to 

organometallic acceptors. In the present report, we describe donor-acceptor complexes comprised 

of the radical anions or dianions of RDI chromophores bound to Re(bpy)(CO)3 metal centers. 

These complexes photoreduce a Re(bpy)(CO)3 metal center using long-wave visible (>600 nm) or 

near-infrared (950 nm) light.  

Previous to this report, photo-driven reduction of the Re(bpy)(CO)3 complex using long-

wavelength (>600 nm) visible light has only been confirmed in a handful of cases, in one case with 

the use of zinc tetraphenylchlorin55 and another case using Os(bpy)3-derived chromophores.72 In 

these complexes, reduction of the Re(bpy)(CO)3 center proceeds via quenching of the excited state 

of the chromophore by a sacrificial donor, followed by thermal electron transfer from the reduced 

chromophore to Re(bpy)(CO)3. One complex has been reported in which reduction does proceed 
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via excited state electron transfer, but the bpy ligand on the Re center has been modified to 

dramatically lower its reduction potential below the threshold at which CO2 reduction could 

theoretically occur.76 Our lab recently reported on a set of compounds in which a reduced 

naphthalenediimide chromophore photoreduces a Re(bpy)(CO)3 center through an intermediate 

diphenylanthracene acceptor.77 That work explored the effect of changing the attachment geometry 

of the diphenylanthracene to the Re center, however the NDI radical anion chromophore was 

always covalently bound to the diphenylanthracene acceptor in the same fashion and so there was 

no change in the excited-state electron transfer kinetics. Furthermore, in that study we only 

examined the NDI radical anion chromophore, while the present report also describes electron 

transfer to the Re(bpy)(CO)3 center from the excited states of the PDI radical anion and dianion. 

In the complexes presented in this report, the RDI anion chromophore is bound to the 

Re(bpy)(CO)3 center either through the bpy ligand or directly to the Re center through a pyridine 

ligand. The forward- and back-electron transfer kinetics of the complexes are investigated using a 

combination of femto- and nanosecond transient absorption spectroscopies in the visible/NIR 

(fsTA, nsTA) and mid-IR (fsIR) to observe the transient photoproducts of both the chromophore 

and the metal center. The difference between the two architectures is notable: while both types of 

complexes exhibit ultrafast charge shift kinetics, the complexes in which the RDI anion is attached 

to the bpy ligand have back-electron transfer lifetimes in the tens of picoseconds, while the 

complexes in which the RDI anion is attached directly to the Re center have back-electron transfer 

lifetimes in the nanosecond regime. In both cases, fsIR confirms that the bpy ligand is reduced in 

the Re(bpy)(CO)3 complex, the reaction known to be the first step in the photocatalytic mechanism 

of CO2 reduction by such complexes. 
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We recognize that to expand this work to a fully catalytic system is not a trivial task, since 

catalysis is typically initiated upon the generation of the doubly-reduced Re0(bpy–•)(CO)3 species. 

To do so requires either multiple chromophores attached to a single reaction center, or rapid 

regeneration of the ground-state chromophore using a sacrificial electron donor. Work on both of 

those avenues is ongoing in our lab. We also recognize that in this regard, the pyridine-ligated 

chromophore will be of less utility than the bpy-ligated chromophore, since in order to initiate CO2 

binding, the pyridine ligand must dissociate from the Re center, and this dissociation would 

prevent catalytic turnover. Nevertheless, we feel that our observation of the difference in electron 

transfer rate between complexes in which the chromophore is bound to the bipyridine ligand and 

complexes in which the chromophore is bound directly to the Re center is applicable to the design 

of future catalytic systems for the following reasons: first, Ishitani and co-workers have developed 

Re(diimine) complexes that are catalytic for CO2 reduction and which contain redox-innocent 

ligands such as phosphines that do not dissociate during catalysis, to which a chromophore could 

be attached.53 Second, Kubiak and co-workers recently reported a Mn-based CO2 reduction 

catalyst that contains only redox-innocent isocyanide ligands that do not dissociate during 

catalysis.78 These two reports suggest that there is the potential to attach a reduced RDI 

chromophore to either the redox-active bpy ligand or directly the Re center, and consequently it is 

valuable to understand the effect that these different attachment motifs have on the electron transfer 

behavior of the complex. 

2.2 Experimental Details 

2.2.1 Synthesis and Methods 

 



51 

 

DCM and MeOH used for synthesis were obtained from Fisher Scientific and used as received. 

Acetonitrile, toluene, DMF and THF used for synthesis and spectroscopic experiments were dried 

on a commercial system (GlassContour, Laguna Beach, CA). For spectroscopy, DMF was further 

transferred under argon into a N2-filled glovebox (MBraun Unilab) for use and storage. 

Commercially available reagents were purchased from Sigma-Aldrich and used as received. 

Compounds were reduced in the glovebox using tetrakisdiaminoethylene (TDAE) from Tokyo 

Chemical Industries or CoCp2 from Sigma-Aldrich. 1H NMR spectra were recorded on a Bruker 

Avance 500 TCI Cryoprobe Spectrometer. Chemical shifts are recorded in ppm (δ) in CDCl3 

(internal reference set to δ 7.26 ppm). 13C NMR (126 MHz) spectra were recorded using a Bruker 

Avance III QNP Cryoprobe with simultaneous decoupling of 1H nuclei and externally referenced 

to TMS set to 0 ppm. All spectra were recorded at 298 K. High resolution mass spectrometry (ESI-

MS) were performed by Northwestern University’s Integrated Molecular Structure Education and 

Research Center. 

2.2.2 Steady State Spectroscopy  

UV−vis spectra were acquired on a Shimadzu UV-1800 spectrophotometer at room 

temperature. The samples were normalized to the greatest peak. FT-IR spectra were measured on 

a Shimadzu IRAffinity-1 spectrophotometer in absorbance mode at 2 cm−1 resolution. Samples 

were prepared  in under an argon atmosphere, contained in a liquid demountable cell (Harrick 

Scientific) with 2.0 mm thick CaF2 windows and 500 μm Teflon spacers.  

2.2.3 Electrochemistry  
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Electrochemical measurements were performed using a CH Instruments Model 660A 

electrochemical workstation. A single-compartment cell was used for all cyclic voltammetry 

experiments with a 1.0 mm diameter glassy carbon disk working electrode, a platinum counter 

electrode, a silver wire pseudoreference electrode, and 0.1 M tetra-n-butylammonium 

hexafluorophosphate (TBAPF6)  as the supporting electrolyte in DMF. The ferrocene/ferrocenium 

redox couple (0.45 V vs SCE in DMF)79 was used as an internal standard. TBAPF6 was 

recrystallized twice from ethanol prior to use. Electrochemical cells were shielded from light 

during experiments and done in the dark. All solutions were continuously purged with argon before 

and during the cyclic voltammetry experiments.  

2.2.4 Femtosecond Transient Absorption Spectroscopy  

Femtosecond transient absorption experiments were performed employing a regeneratively 

amplified Ti:sapphire laser system operating at 828 nm and a 1 kHz repetition rate as previously 

described.80-81 The output of the amplifier was frequency-doubled to 414 nm using a BBO crystal 

and that light was used to pump a laboratory-built collinear optical parametric (OPA) amplifier82 

for visible-light excitation or a commercial non-collinear optical parametric amplifier (TOPAS-

White, Light-Conversion, LLC.) for NIR excitation. Approximately 1-3 mW of the fundamental 

was focused onto a sapphire disk to generate the visible white-light probe spanning 430-850 nm, 

or into a 5 mm quartz cuvette containing a 1:1 mixture of H2O:D2O to generate a UV/visible white 

light probe spanning 385-750 nm, or onto a proprietary medium (Ultrafast Systems, LLC) to 

generate the NIR white-light probe spanning 850-1620 nm. The total instrument response function 

was 300 fs. 
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Experiments were performed at a randomized pump polarization to suppress contributions from 

orientational dynamics. Spectral and kinetic data were collected with a CMOS or InGaAs array 

detector for visible and NIR detection, respectively, and a 8 ns pump-probe delay track 

(customized Helios, Ultrafast Systems, LLC). Transient spectra were averaged for at least 3 

seconds. All spectra were acquired in DMF solution. Samples had an absorbance of 0.2-0.7 at the 

excitation wavelength and were irradiated in 2 mm quartz cuvettes with 0.4-0.8 μJ/pulse focused 

to ~0.2 mm diameter spot. Samples were stirred to avoid effects of local heating or sample 

degradation. The samples were prepared in the glovebox and degassed by multiple freeze-pump-

thaw cycles prior to analysis.  

2.2.5 Nanosecond Transient Absorption Spectroscopy 

Nanosecond transient absorption experiments were performed using the femtosecond 

excitation beam described above and a commercial spectrometer (Eos, Ultrafast Systems, LLC) 

utilizing a photonic crystal fiber ultra-broadband probe source. The pump polarization was 

randomized to suppress rotational dynamics. Samples were stirred to avoid effects of local heating 

or sample degradation.  

2.2.6 Femtosecond Transient Mid-IR Absorption Spectroscopy  

Femtosecond transient mid-IR absorption spectroscopy was performed using a commercial 

Ti:sapphire oscillator/amplifier (Solstice 3.5W, Spectra-Physics) to pump two optical parametric 

amplifiers (TOPAS-C, Light Conversion), one which provided a 100 fs, 2 µJ excitation pulse at 

705 or 605 nm  and the other which provided 100 fs probe pulses from 2150–1800 cm-1. The 

overall instrument response was 0.3 ps. The spectra were acquired with a liquid N2-cooled dual 

channel (2 x 64) MCT array detector that is coupled to a Horiba iHR320 monochromator as part 
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of a Helios-IR spectrometer (Ultrafast Systems, LLC) with a 300 l/mm grating (3 cm-1 resolution). 

Samples were prepared in DMF contained in a liquid demountable cell (Harrick Scientific) with 

CaF2 windows and a 500 µm or 630 μm Teflon spacer. The sample cell was mounted on a 

motorized stage and rastered during acquisition to reduce sample degradation. 

2.2.7 Computational Methodology for Geometries 

Geometries were optimized using density functional theory (DFT) with Q-Chem Version 

4.383 using the B3P86 functional and LANL2DZ ECP basis set for Re-containing molecules,84 and 

the B3LYP functional and 6-31G* basis set for purely organic molecules. Alkyl and aryl groups 

on the PDI and NDI moieties, respectively, were replaced with Me groups to reduce computational 

time. 

2.2.8 Computational Methodology for TDDFT Calculations 

All density functional theory (DFT) calculations utilized the B3LYP functional,85 as 

implemented in Gaussian 09, Revision D.0186 software. The Def2SVP basis set (with 

corresponding pseudopotential on Re)87 was used for geometry optimizations, and time-dependent 

DFT (TDDFT) calculations. The Def2TZVP basis set (pseudopotential on Re) was used for more 

accurate single-point energies as well as orbital analysis.87 The Gaussian09 “ultrafine” numerical 

integration grid was used throughout, as well as the “tight” optimization criteria. All calculations 

were performed in the presence of a dielectric continuum of N,N−dimethylformamide (DMF) (ε 

= 37.219)86 as described by the SMD model.88-91 Vertical TDDFT calculations on the first 40 

singlet excited states were performed.92-98 The first three transitions in the PDI anion (D1, D2, D3) 

were subject to TDDFT excited-state optimizations and numerical frequency calculations, to create 

absorption spectra incorporating vibronic effects.99 The D1 and D2 vibronic spectral lines were 
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broadened with Gaussian functions with full-width half-maximum (FWHM) values of 270 cm−1. 

For the D3 state, a single remaining imaginary frequency was projected out of the Hessian, and 

the D3 spectral lines used a broadening with FWHM=800 cm−1. Alkyl and aryl groups on the PDI 

and NDI moieties, , were replaced with Me groups for computational expendiency. The D3 state 

consistently crossed over to the D2 or D1 state during optimization, so a slightly truncated structure 

with the methyl group replaced by hydrogen was used to optimize the D3 state. The states of PDI 

vary from neutral singlet to anionic doublet to doubly anionic singlet upon two sequential 

reductions. The states of [Re(Phbpy)(py)(CO)3]
+ (as well as the dyad) vary from cationic singlet 

to neutral doublet to anionic singlet upon two sequential reductions. Spin contamination in the 

cases of the doublets was found to be negligible using unrestricted DFT. 

2.3 Results 
 

2.3.1 Synthesis 

 

PDI and NDI chromophores were linked to Re(bpy)(CO)3 fragments both through the 

bipyridine ligand and through the pyridine ligand. Synthesis of the RDI-containing Re complexes 

was accomplished through Suzuki coupling of the appropriate RDI-Ph-Bpin to 4-bromopyridine 

or 4-bromobipyridine, followed by reaction with the appropriate Re precursor (Scheme 2.1) and 

purification on silica to produce the desired complex. Detailed synthetic procedures and 

characterization of compounds are provided down below. 
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2.3.2 Electrochemistry 

 

The electrochemical redox potentials of the complexes and model complex Re(Ph-

bpy)(CO)3(py) are shown in Table 2.1. Attachment of the RDI chromophore has a very minor 

Scheme 2.1: Synthesis of RDI-Phbpy-Re-Py and Phbpy-Re-PyPhRDI. 

Table 2.1: Electrochemical redox potentials for the complexes under study, as well as model 

compounds. 

 E(RDI0/−)b (V) E(RDI−/2−)b (V) E(bpy0/−) (V) E(ReI/0) (V) 

PDIc −0.43 −0.70 - - 

NDIc −0.48 −0.99 - - 

Phbpy-Re-Py - - −1.08 −1.53d 

PDI-Phbpy-Re-Py −0.51 −0.78 −1.11 −1.45d 

NDI-Phbpy-Re-Py −0.50 −1.01 −1.11 −1.47d 

Phbpy-Re-PyPhPDI −0.47 −0.74 −1.06 −1.47d 

Phbpy-Re-PyPhNDI −0.50 −1.05 −1.10 −1.47d 

a All electrochemical experiments were performed in DMF with 0.1 M TBAPF6, using a platinum disk working 

electrode, a platinum wire counter electrode, and a silver wire pseudoreference electrode. Potentials were 

referenced to a ferrocene internal standard (E(Fc+/0) = 0.45 V vs SCE) and are given versus the saturated calomel 

electrode (SCE). b RDI– is equivalent to the RDI–• radical anion c From ref. 45 d Irreversible, Epeak from CV given. 
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effect on the bpy-centered and Re-centered reductions of the complexes, indicating that there is 

little electronic communication between the RDI and Re(bpy) moieties. 

2.3.3 Steady-State Photophysical Characterization 

 

Titration with the appropriate reductant under an inert atmosphere reduced the RDI moiety 

to RDIn−. TDAE (E = −0.60 V vs SCE)100 allowed access to the RDI−• states without the risk of 

formation of RDI2−, while the use of CoCp2 (E = −0.87 V vs SCE in CH2Cl2)
79 allowed access to 

the PDI2− states without the risk of reduction of the bpy ligand. It was not possible to obtain 

quantitatively reduced NDI2− states of the complexes that incorporated that chromophore because 

the redox potentials of NDI−•/2− and bpy0/−• are too similar. Spectra of the RDI, RDI−• and RDI2− 

states of the complexes are shown in Figure 2.1, and their similarity to the reported spectra of 

neutral and reduced RDI45 similarly indicates weak electronic coupling between the two moieties.  

 

Figure 2.1: Top: Spectra of PDI-Phbpy-Re-Py in the neutral (black), PDI1− (red) and PDI2− 

(blue) states. Bottom: Spectra of Phbpy-Re-PyPhNDI in the neutral (black) and NDI1− (red) 

states. 
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2.3.4 Transient Absorption Spectroscopy  

 

For femtosecond transient absorption (fsTA) experiments, the complexes could also be 

reduced in a spectroelectrochemical cell, resulting in identical steady-state spectra, albeit with a 

large scattering background due to the presence of the Pt mesh working electrode. The fsTA 

spectra obtained from electrochemically reduced samples of PDI-Phbpy-Re-Py were found to be 

identical to those obtained from chemically reduced samples. 

Shown in Figure 2.11  are the visible and NIR transient absorption spectra of the 

uncomplexed RDIn− chromophores. They display negative A features corresponding to the loss 

of ground state absorptions and appearance of excited state stimulated emission, and positive A 

features corresponding to excited state induced absorptions.  For the doublet radical anions PDI−• 

and NDI−•, these features all decay concurrently with lifetimes consistent with the reported 

lifetimes of 145 ± 15 ps and 141 ± 7 ps, respectively.45 For the singlet dianion PDI2−, the decay of 

Figure 2.2: Spectra of chemically reduced samples of C-232-PDI (black: radical anion, 

reduced with TDAE, red: dianion, reduced with CoCp2) and 2,6-ditBu-Ph-NDI-Ph (blue: 

radical anion, reduced with TDAE) in DMF. 
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the singlet excited state features is accompanied by the rise of new features which live for tens of 

nanoseconds and are presumed on the basis of their lifetime to correspond to the dianion triplet 

excited states. The lifetime of the PDI2− singlet excited state has been reported as 6.5 ns.48 

Excitation of the RDIn− moiety of each complex leads to instantaneous bleaching of the 

RDIn− ground state absorption bands and formation the RDIn− excited state bands. The lifetime of 

the excited state was diminished relative to the native RDIn− chromophores, and at later times, 

bands characteristic of the RDI(n−1)− states are observed. For example, Figure 2.3A shows the time 

evolution of the transient absorption spectra for Phbpy-Re-PyPhPDI1−, showing induced 

absorptions of PDI−•* at 459 nm and 550-630 nm, ground state bleaching of PDI−• centered at 700 

nm and 797 nm, overlapped ground state bleach and stimulated emission bands at 959 nm and 

stimulated emission bands of PDI−• at 1100 nm and 1300 nm which decay to new induced 

absorptions of PDI0 at 490 nm and 525 nm. Similar spectra for the other molecules in the study 

are shown in Figures 2.11 – 2.24. The lifetimes of the excited states of the various complexes are 

given in Table 2.2.  

In the femtosecond time-resolved mid-IR transient absorption (fsIR) experiments, the CO 

stretching region of the Re(bpy)(CO)3 moiety (1850-2100 cm−1) was monitored. All complexes 

exhibited the same spectral features, with only the kinetics differing from complex to complex. 

FsIR spectra for Phbpy-Re-PyPhPDI1− are shown in Figure 2.3B, and similar spectra for the other 

molecules in the study are shown in Figures 2.11-2.24. After excitation, bleaching of the ground-

state absorptions at 2046 cm−1 and 1928 cm−1 was observed, and induced absorptions were 

observed at 2020 cm−1 and 1885 cm−1.  
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2.4 Discussion 

 

2.4.1 Electron Transfer Energetics  

Based on the redox potentials shown above, the Gibbs free energy for the excited state 

electron transfer reactions of each complex can be estimated using the following equation:  

∆𝐺ET = (𝐸ox − 𝐸red) − 𝐸00   (1) 

where Eox and Ered are the oxidation and reduction potentials of the donor and acceptor 

respectively, and E00 is the energy of the *NDI•−,  *PDI•−, or *PDI2−excited state. There is no 

electrostatic work term for this reaction because the reaction is a charge shift, not a charge 

separation. In addition, there is no solvation correction term because the experiments are 

performed in the same solvent as the electrochemical data is obtained. The Gibbs free energy for 

the thermal forward and back electron transfer reactions can be estimated using the following 

equation. 

∆𝐺ET = (𝐸ox − 𝐸red)   (2) 

 

Figure 2.3: (A) Transient absorption spectrum of Phbpy-Re-PyPhPDI1− (λex = 950 nm).(B) 

Time-resolved mid-IR spectrum of Phbpy-Re-PyPhPDI1− (λex = 704 nm). 

A B 
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From the equations above, the Gibbs free energies for each electron transfer step are shown in 

Table 2.2 below. 

2.4.2 Lifetimes and Rates of Forward Electron-Transfer Quenching 

 

For every complex except PDI1−-Phbpy-Re-Py, which will be discussed further below, 

the fsTA and fsIR data fit to a model in which the excited state decays to a charge-shifted state 

with the lifetime shown in Table 2.2, which then undergoes back-electron transfer to regenerate 

the ground state. The back-electron transfer lifetime is <100 ps for the bipyridine-ligated 

complexes, and >10 ns for the pyridine-ligated complexes. Plots showing the kinetic analysis of 

the visible/NIR and mid-IR spectra and kinetic fits for each complex are shown in Figures 2.11-

2.24. A Jablonski diagram showing the general electron-transfer behavior of the complexes is 

shown in Figure 2.4. 

Observation of the induced absorptions of RDI(n−1)− and concomitant growth of induced 

absorptions in the mid-IR characteristic of the bpy-localized reduction of the Re(bpy)(CO)3 moiety 

Figure 2.4: Energy level diagram showing general scheme of electron transfer in RDIn−-

Re(bpy) complexes after excitation. Energy of the charge-transfer state is shown as a range to 

reflect the different energies of different complexes. 

RDI(n–1)–-ReI(bpy•–)

RDIn–-ReI(bpy0)

RDIn–*-ReI(bpy0)

E
n
e
rg

y

hν τr+nr

τET

τBET



62 

 

(see below) indicates that the excited states decay via electron transfer to the Re(bpy)(CO)3 moiety, 

as shown in Eq. 3: 

RDIn−*-Re(bpy) → RDI(n−1)−-[Re(bpy)]−               (3) 

 

The lifetimes and rates of forward electron transfer quenching τET and kET are shown in 

Table 2.2 and can be calculated based on the observed excited state lifetime τobs and the intrinsic 

lifetime of the chromophore τ0 = τr+nr: 

𝜏𝐸𝑇 = 
1

𝑘𝐸𝑇
=

1
1

𝜏𝑜𝑏𝑠
−

1

𝜏0
 
       (4) 

 

The time constants and rates of back-electron transfer τΒΕΤ and kBET can be calculated by observing 

the decay of the RDI(n−1)− induced absorption bands, from the recovery of the RDIn− ground state 

bleach, or from the decay of the induced absorptions and recovery of the ground state bleaches in 

the fsIR spectra. The data were fit as described (singular value decomposition global fitting or 

multiple-wavelength global fitting) and the back-electron transfer lifetime τBET extracted from the 

Table 2.2: Rates and Gibbs free energy of electron transfer reactions discussed in this study.  

 RDIn−  τobs (ps) τET 

(ps) 

kET 

(1010 

s−1) 

∆G 

(eV) 

τBET kBET (s−1) ∆GBET 

(eV) 

PDI-bpy-Re-py 1− 53.5 ± 1.4 23.4a 5.3 −0.81 53.5 ± 1.4 ps 1.87 × 1010 −0.49 

2− <0.3 <0.3 >333 −1.47 107 ± 1 ps 9.35 × 109 −0.25 

NDI-bpy-Re-py 1− 0.4 ± 0.1 0.4 249 −1.10 31.8 ± 0.8 ps 3.14 × 1010 −0.50 

Phbpy-Re-

PyPhPDI 

1− 105 ± 0.9 381 0.26 −0.82 17.1 ± 0.2 ns 5.85 × 107 −0.48 

2− 0.9 ± 0.2 0.9 111 −1.49 268 ± 1 ns 3.73 × 106 −0.23 

Phbpy-Re-

PyPhNDI 

1− 1.5 ± 0.1 1.5 66 −1.11 29.7 ± 0.2 ns 3.37 × 107 −0.49 

 

τex: Observed excited state lifetime; τET: Calculated excited state electron transfer rate; kET: Calculated excited state 

electron transfer rate; ∆Gq: Driving force for RDIn−*→bpy electron transfer; τBET: Back electron transfer 

lifetime; kBET: Back electron transfer rate; ∆GBET: Gibbs free energy for bpy−•→RDI(n−1)− back electron 

transfer 
a Calculated based on the growth of the charge-shifted state as determined by the kinetics at 525 nm (see Figure 6). 

b τ0 values obtained from the literature. PDI–: 145 ps13; PDI2–: 6.5 ns14; NDI–: 141 ps13  
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global fits. For every complex except Phbpy-Re-PyPhPDI2− and Phbpy-Re-PyPhNDI1−, the 

complexes exhibited monoexponential decay of the charge-shifted state features. The charge-

shifted-state features in the complexes Phbpy-Re-PyPhPDI2− and Phbpy-Re-PyPhNDI1− 

exhibited biexponential decay kinetics, which will be discussed further below. 

The time window of the fsIR data only extends to 7.5 ns, so it was not possible to obtain 

accurate fits for the fsIR data where lifetimes extended into the nanosecond regime. For the bpy-

ligated complexes RDIn−-Phbpy-Re-Py, where lifetimes could be fit accurately, back-electron 

transfer lifetimes from fsIR matched those obtained from fsTA to within fitting error. For Phbpy-

Re-PyPhPDI1−, the decay was also monoexponential but could not be fit accurately due to its long 

lifetime. For the complexes Phbpy-Re-PyPhPDI2− and Phbpy-Re-PyPhNDI1−, where the fsTA 

data exhibited biexponential decay kinetics, the fsIR data only exhibited a monoexponential decay 

which roughly corresponded to the longer component of the biexponential decay in the 

visible/NIR, but was too long to fit accurately. Successive fsIR scans of the same sample 

sometimes exhibited biexponential decay with a short component. We assign this component 

Figure 2.5: (A) Species-associated fit spectra of the fsTA data for Phbpy-Re-PyPhPDI1−. 

Kinetic traces and fits are shown in Figure 2.19. (B) Kinetic traces of the fsIR data shown in 

Figure 2.3. 

A B 
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corresponds to the product of photoreaction with trace oxygen under laser illumination, and that 

this product is also responsible for the short decay observed in the fsTA. Consequently, the 

lifetimes we report for back-electron transfer in the complexes Phbpy-Re-PyPhPDI2− and Phbpy-

Re-PyPhNDI1− are the lifetimes of the long components of the visible/NIR TA. The back-

electron-transfer lifetimes and rates are also shown in Table 2.2. A sample of the visible/NIR 

species-associated spectra and fsIR kinetics for Phbpy-Re-PyPhPDI1− in are shown in Figures 

2.5A and 2.5B, respectively, and the full set of spectra and fits is included as Figures 2.11-2.24. 

2.4.3 Electron transfer quenching of *RDIn− 

 

Using fsIR, we can determine the nature of the charge-shifted state. Steady-state FTIR 

spectroscopy has been shown to allow facile differentiation among the various oxidation and 

ligand-field states of Re(bpy)(CO)3 complexes,70, 101-104 and time-resolved mid-IR spectroscopy 

has been shown to be sensitive not only to the oxidation state of the Re center but also to transient 

electron density changes associated with excited states of a chromophoric ligand.43, 105-107 A shift 

of ~25-45 cm−1 of the CO stretches to lower energy corresponds exclusively to complexes in which 

the Re center remains ReI while the bpy ligand is reduced to bpy−•. We therefore assign the charge-

shifted state as RDI(n−1)−-ReI(bpy−•)(CO)3. 

Given that in the charge-shifted state of all the complexes, the electron is localized on the 

bipyridine ligand, the dramatic increase in back-electron-transfer lifetime upon switching from 

bipyridine to pyridine ligation can be rationalized. In the bipyridine-ligated complexes, the reduced 

bipyridine is separated from the oxidized chromophore by a single phenyl group. Indeed, DFT 

calculations of the Phbpy-Re-Py model compound show that upon reduction, the electron density 

extends onto the 4-phenyl group of 4-phenylbipyridine (see Figure 2.7). However, in the pyridine-
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ligated complexes, the through-space distance between the reduced bipyridine and the oxidized 

chromophore is quite significant (centroid-to-centroid distance of 16.9 Å in Phbpy-Re-PyPhPDI 

and 14.5 Å in Phbpy-Re-PyPhNDI), and the electron must either travel through intercalated 

solvent molecules in that space or through the difficult-to-reduce ReI center in order to return. 

Similar lifetimes have been observed for systems in which back-electron transfer occurs over a 

similar distance from a Re(bpy–•)(CO)3 to an oxidized tryptophan linked through an pyridine-

amido linker.108 

In the complex PDI1--Phbpy-Re-Py, the electron transfer kinetics are more complicated. 

When the complex is excited at 950 nm, the excited state features (Fig. 2.6B, black trace, consisting 

of absorbances at 459 nm and 550–650 nm and stimulated emission features at 1100 nm and 1300 

nm) persist, but decrease in intensity while bands corresponding to the charge shifted state grow 

in with a time constant of 23.6 ±  0.6 ps. These features (Fig. 2.6B, red trace) subsequently decay 

together with a lifetime of 52.4 ± 0.6 ps. When the complex is excited at 680 nm instead of 950 

nm, bands characteristic of the charge shifted state appear within the instrument response alongside 

excited-state features (Fig. 2.6D, black trace). This set of bands sharpens with a lifetime of 1.8 ps, 



66 

 

producing a spectrum that is very similar to the final spectrum produced by 950 nm excitation (Fig. 

2.6D, red trace), which then decays with a lifetime of 51.2 ±  0.3 ps.  

To understand these results we must assign the absorption bands of PDI1−. Using TD-DFT 

calculations, these absorptions are shown to arise from three different electronic transitions of 

PDI1−, where the two different pump wavelengths promote distinct transitions. The relevant 

orbitals of the PDI chromophore fragment, calculated using DFT, are shown in Fig. 2.7. The 

orbitals of the full PDI-Phbpy-Re-Py dyad are shown in Fig. 2.15. As reflected by the mostly 

Figure 2.6: Top: (A) Transient absorption spectra and (B) decay-associated spectra for PDI1−-

Phbpy-Re-Py (λex = 950 nm). (C) Transient absorption spectra and (D) decay-associated 

spectra of those spectra for PDI1−-Phbpy-Re-Py (λex = 680 nm). 

A B 

C D 
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unperturbed orbital energies given in Table 2.5, these orbitals are essentially a combination of the 

MOs of the PDI and Phbpy-Re-Py fragments, with the exception of LUMO+4 orbital in which 

some mixing of the orbitals of each fragment occurs, see Fig. 2.15.  

The ten lowest-energy electronic transitions calculated by TDDFT, are listed in Tables 2.6 

and 2.7 for the Re(Phbpy)(py)(CO)3 and PDI−  fragments, respectively. The three lowest-energy 

transitions of PDI−  are labeled D1, D2, and D3 in order of increasing energy of their vertical, non-

vibronic transitions, see Table 2.3. These excited states were structurally optimized, followed by 

excited-state numerical frequency calculations, permitting the calculation of vibronically resolved 

Figure 2.7: Frontier molecular orbitals of PDI (left) and [Re(Phbpy)(CO)3(py)]+ molecular 

fragments calculated using DFT. Frontier MOs of the full PDI-[Re(Phbpy)(CO)3(py)]+ dyad 

are shown in Figure 2.15. 
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absorption spectra. The calculated vibronic spectra for each transition are shown in Fig. 2.8A, and 

the sum of the three transitions is compared to the experimentally determined spectrum of PDI−  

in Fig. 2.8B, exhibiting excellent agreement of the 700 nm and 950 nm peaks.  

From this data, it is determined that absorption around 680 nm is due to both the D2 and 

D3 transitions, while the transition to the D1 state completely dominates at 950 nm. From the 

transition wavelengths and oscillator strengths shown in Table 2.3 and Fig. 2.8, it is apparent that 

excitation at 950 nm produces a vertically excited state of mostly HOMO / LUMO character which 

structurally relaxes to the optimized D1 excited state, while excitation at 680 nm produces a state 

with mostly LUMO / LUMO+1 character, but also some HOMO / LUMO and LUMO / LUMO+2 

character. This vertical state predominantly relaxes to the optimized D3 excited state, but some 

optimized D1 and D2 is also expected. These states are shown in the energy-level diagram for the 

complex given in Fig. 2.9. 

TD-DFT calculations reveal that the complex also has a CT excited state which we label 

as *[PDI0 -Re(bpy−•)], and which corresponds to direct charge-transfer excitation of the unpaired 

electron on the PDI− to the empty LUMO on the bpy ligand. Due to extremely poor orbital overlap, 

this transition has negligible oscillator strength and is not predicted to contribute detectably to the 

ground-state absorption spectrum of PDI−-Phbpy-Re-Py. This CT state, shown as a gray box to 

 Table 2.3: The TD-DFT vibronic absorption maximum peak wavelengths λ of the first two 

electronic transitions, and the vertical wavelengths λ, oscillator strengths f, and dominant 

orbital characters for the lowest-energy calculated electronic transitions of the reduced PDI− 

radical. The full set of the lowest ten transitions is given in Table 2.7 

State λvibronic 

[nm] 

λ [nm] f Primary Transition 

Character 

% Secondary Transition 

Character 

% 

D1 974.4 844.3 0.032 βHOMO→LUMO 7 4 αLUMO→LUMO+1 26 

D2 688.4 668.6 0.052 αLUMO→LUMO+2 97 N/A 0 

D3 710.8 621.4 0.885 αLUMO→LUMO+1 72 βHOMO→LUMO 24 
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reflect the uncertainty in its energy, is calculated to be approximately isoenergetic with the 

D1PDI−*-Re(bpy) state, with which it is in equilibrium (see below).  

As shown in Fig. 2.9, the D2 and D3 states relax via a set of processes that can be described 

as a combination of internal conversion to the D1 state, internal conversion to the *[PDI0-

Re(bpy−•)] state (collectively denoted 𝜏IC1), and electron transfer to the *[PDI0-Re(bpy−•)] state 

(𝜏ET, hot). It is likely that relaxation and electron transfer from the D3 state occurs within the 

instrument response, accounting for the immediate appearance of PDI0 bands in the λ = 680 nm 

TA spectrum shown in Fig. 2.6C, while relaxation and electron transfer from the D2 state occurs 

with a lifetime of 1.8 ps, accounting for the evolution of the spectrum in the first several 

picoseconds (Fig. 2.6D, black trace).  

 

Figure 2.8: Energy level diagram showing electron transfer in PDI1−-Phbpy-Re-Py after 

excitation at 950 nm (red) or 680 nm (yellow). Energy of the charge-transfer state is shown as 

a range to reflect the uncertainty of the exact energy of this state. 
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As mentioned above, once the molecule reaches the D1 state, an equilibrium forms between 

the PDI-localized D1 state (which we can denote D1PDI−*-Re(bpy)) and the *[PDI0 -Re(bpy−•)] 

CT state via a fast internal conversion mechanism (shown as 𝜏IC2 and 𝜏IC2). This equilibrium 

accounts for the persistence of the PDI−* bands in the TA spectra as the PDI0 bands grow in, and 

the parallel decay of the excited-state and charge-shifted-state features. Because of the low 

oscillator strength of the transition to the *[PDI0-Re(bpy−•)] state, this state does not decay 

radiatively on the picosecond timescale; instead this equilibrium decays via a combination of 

excited-state decay from the D1PDI−*-Re(bpy) state (𝜏r+nr) and back-electron transfer from the 

*[PDI0 -Re(bpy−•)] state (𝜏BET), resulting in the observed lifetime of 52 ps.  

Variable-temperature transient absorption experiments in the range 0–90 oC support the 

existence of the D1PDI−*-Re(bpy) ↔ *[PDI0 -Re(bpy)] equilibrium and suggest that the charge 

shift to the *[PDI0 -Re(bpy−•)] state is slightly uphill. Analysis of the SVD spectra for each set of 

TA data shows a dependence of the [PDI0] : [PDI1−*] ratio on temperature (see section 2.8.4 for 

Figure 2.9: Left: Calculated vibronic transitions from the ground state to the D1 (black), D2 

(red) and D3 (blue) states of PDI–. Right: Sum of the three calculated vibronic spectra (black) 

compared to the experimentally determined spectrum of PDI–. 

A B 
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details on the calculation of [PDI0] : [PDI1−*]). A plot of ln Keq vs. 1/T, shown in Fig. 27, gives a 

∆G for the equilibrium of 0.21  ± 0.02 eV, supporting the existence of a D1PDI−-Re ↔ *[PDI0 - 

Re(bpy−•)] equilibrium that favors the *[PDI0-Re(bpy−•)] state at higher temperature. 

2.4.4 Back Electron Transfer of *RDIn− 

 

In the RDIn−-bpy-Re-py complexes, and in Phbpy-Re-PyPhPDI1−, the final charge-

shifted state exhibits straightforward single-exponential decay kinetics with the lifetimes shown in 

Table 2.2. For the complexes Phbpy-Re-PyPhNDI− and Phbpy-Re-PyPhPDI2− the charge-

shifted state exhibits biexponential decay in the visible/NIR TA, but monoexponential decay in 

the fsIR, as shown in Figure 2.10-2.12. 

Several trends in electron-transfer rate are apparent from the data. In all cases, attachment 

of the chromophore to the bipyridine ligand results in faster quenching than attachment of the same 

chromophore to a pyridine ligand on the Re center. It is also apparent that an increase in the driving 

force for electron transfer quenching for a given attachment motif generally results in an increase 

in electron transfer rate, although the rate for quenching of NDI−•* ligated through bipyridine is 

slightly faster than quenching of PDI2−* with the same attachment motif. Similarly, the rate of 

back-electron transfer appears to correlate with the free energy change for that process, and back-

electron transfer is orders of magnitude faster in the RDI-bipyridine-ligated complexes than in the 

RDI-pyridine-ligated complexes. This result is consistent with the fact that in the RDI-bipyridine-

ligated complexes, the reduced bpy is separated from the oxidized chromophore by one phenyl 

spacer, whereas in the RDI-pyridine-ligated complexes the reduced bpy ligand is much further 

away from the oxidized chromophore. 
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While freshly prepared samples of Phbpy-Re-PyPhNDI− and Phbpy-Re-PyPhPDI2− 

exhibit monoexponential decay in the fsIR experiment, as mentioned above, repeated fsIR scans 

of the same samples begin to exhibit a short decay component in addition to the long decay 

component. At the same time, the samples are observed to bleach irreversibly in the regions of the 

sample cell where the laser beam was rastered, indicating photodegradation, likely in the presence 

of trace oxygen either trapped in or leaking into the sample cell. The short component of the decay 

in the visible/NIR TA data is therefore postulated to arise from a photodegraded product with a 

Figure 2.10: (A) Transient absorption and (B) species-associated spectra for complex Phbpy-

Re-PyPhNDI1− (λex = 605 nm) showing biphasic back electron transfer kinetics. Kinetic traces 

and fits are shown in Figure 2.23. (C) fsIR spectra and (D) kinetic traces with fits for complex 

Phbpy-Re-PyPhNDI1− (λex = 605 nm) showing monophasic back electron transfer kinetics. 

The instrument response is approximately 2 ps. 

A B 

C D 
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shorter charge-shift time constant, while the long component is assigned as the actual charge-

shifted lifetime of the complex. The charge-shift lifetimes and rates are shown in Table 2.2. 

2.5 Conclusions 

 

Several trends in electron-transfer rate are apparent from the data. In all cases, attachment 

of the chromophore to the bipyridine ligand results in faster quenching than attachment of the same 

chromophore to a pyridine ligand on the Re center. It is also apparent that an increase in the driving 

force for electron transfer quenching for a given attachment motif generally results in an increase 

in electron transfer rate, although the rate for quenching of NDI−•* ligated through bipyridine is 

slightly faster than quenching of PDI2−* with the same attachment motif. Similarly, the rate of 

back-electron transfer appears to correlate with the free energy change for that process, and back-

electron transfer is orders of magnitude faster in the bipyridine-ligated complexes than in the 

pyridine-ligated complexes. This result is consistent with the fact that in the bipyridine-ligated 

complexes, the reduced bpy is separated from the oxidized chromophore by one phenyl spacer, 

whereas in the pyridine-ligated complexes the reduced bpy ligand is much further away from the 

oxidized chromophore. 

2.6 Acknowledgements  

 

We thank Dr Matthew D. Krzyaniak for assistance with fitting the kinetic data and Drs 

Saman Shafaie and S. Habibi Goudarzi for collecting high-resolution mass spectrometric data. 

Yilei Wu synthesized Cy2-NDI. This work was supported by the ArgonneNorthwestern Solar 

Energy Research (ANSER) Center, an Energy Frontier Research Center funded by the U.S. 

Department of Energy (DOE), Office of Science, Office of Basic Energy Sciences, under award 

number DE-SC0001059. B. R. acknowledges support from the National Science Foundation 



74 

 

Graduate Research Fellowship (NSF GRFP) under Grant No. DGE1122492. C. M. M. 

acknowledges support from the NSF GRFP Grant No. DGE-1324585. V. S. B. acknowledges 

supercomputer time from NERSC and the Yale University Faculty of Arts and Sciences High 

Performance Computing Center partially funded by the NSF Grant CNS 08-21132. This work used 

the Extreme Science and Engineering Discovery Environment (XSEDE), which is supported by 

National Science Foundation grant number ACI-1053575. 

2.7 Synthetic Details 

 

C23-PDI-PhBr and C23-PDI-PhI were synthesized using a modification of a literature 

procedure.109 12-aminotricosane was synthesized according to a literature procedure.110 4-

bromobipyridine was synthesized by a modification of literature procedures.111-112  

 

2,2′-bipyridine-N-oxide 

2,2-Bipyridine (6.00  g, 38.44 mmol) was dissolved in 100 mL of trifluoroacetic acid under air. 30 

mass % hydrogen peroxide solution (12 mL) was added and the mixture obtained was stirred at 

ambient temperature for 5 h. Then 5M NaOH (100 mL) was slowly added to the solution and 

allowed to stir for 1hr. The solution was mixed with dichloromethane (300 mL) and washed with 

5M NaOH (3 x 150 mL). Water phase was reextracted twice with dichloromethane (2 x 100 mL) 

and the combined organic phases dried with MgSO4, filtered, and dried under reduced pressure. 

The product was obtained as a pale yellow oil which crystalized after overnight into an off-white 

solid (6.16 g, 93%). 1H NMR (500 MHz, Chloroform-d) δ 8.89 (dt, J = 4.6, 1.3 Hz, 1H), 8.71 (dd, 
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J = 8.1, 1.1 Hz, 1H), 8.29 (dd, J = 6.6, 1.2 Hz, 1H), 8.16 (dd, J = 8.1, 2.2 Hz, 1H), 7.81 (td, J = 

7.8, 1.9 Hz, 1H), 7.36 – 7.30 (m, 2H), 7.27 – 7.23 (m, 1H). 

 

4-nitro-2,2′-bipyridine-N-oxide 

2,2′-bipyridine-N-oxide (6.10 g, 35.46 mmol) and potassium nitrate (19.60 g, 193.90 mmol) in 

concentrated sulfuric acid (50 mL) was stirred at 80 °C for 30 hours. Then, the mixture was poured 

onto ice (100 g) and neutralized with 25 mass % NaOH to pH 9.0. The precipitate was filtered off, 

washed with cold water and dried under a high vacuum at 100 °C. An off-white solid was obtained 

(2.31 g, 30%). 1H NMR (500 MHz, Chloroform-d) δ 9.17 (d, J = 3.3 Hz, 1H), 8.89 (dt, J = 8.1, 

1.1 Hz, 1H), 8.79 (ddd, J = 4.7, 1.9, 1.0 Hz, 1H), 8.36 (d, J = 7.2 Hz, 1H), 8.06 (dd, J = 7.2, 3.3 

Hz, 1H), 7.88 (td, J = 7.9, 1.8 Hz, 1H), 7.43 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H). 

 

4-bromo-2,2′-bipyridine 

4-nitro-2,2′-bipyridine-N-oxide (1.0 g, 4.6 mmol) was dissolved in glacial acetic acid (20 mL). 

While stirrin g, acetyl bromide was added. After a short while, a yellow precipitate was formed. 

At this time, phosphorous tribromide (5 mL) was added to the resulting suspension and heated to 

40 °C for 15 minutes. The solution was then heated to reflux under air for 1 hr, whereby a new 

incredibly viscous precipitate formed. After cooling to room temperature, the solution was 



76 

 

decanted and the remaining sticky residue was dissolved in water. The acid solution was 

neutralized to pH 9 with concentrated NaOH and filtered to obtain a yellow solid. The crude 

product was purified further by sublimation to yield an off-white solid (72%, 0.8 g). 1H NMR (500 

MHz, Chloroform-d) δ 8.69 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.63 (d, J = 1.9, Hz, 1H), 8.49 (d, J = 

5.2, 1H), 8.39 (dt, J = 8.0, 1.1 Hz, 1H), 7.83 (td, J = 7.7, 1.8 Hz, 1H), 7.48 (dd, J = 5.2, 2.0 Hz, 

1H), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H). 

 

4-phenyl-2,2′-bipyridine 

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, Phenylboronic 

acid (0.187, 1.534mole), 4-Bromo-2,2′-bipyridine (0.30 g, 1.28 mmol), and Na2CO3 (1.02 g, 9.60 

mmol) were dissolved in THF (50 mL) and H2O (15 mL) and put under N2. After 15 minutes of 

purgin g, fresh Pd[PPh3]4 (0.07 g, 5% eq) was added via the second port and purged for 5 minutes. 

The solution was set to reflux overnight. The solution was cooled to room temperature and the 

solvent was removed under reduced pressure. The crude material was dissolved in 

dichloromethane and ran through a celite plug. The solvent was removed under reduced pressure. 

The compound was not purified further and a conversion of 100% was assumed for further 

purposes. 
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Phby-Re-Cl 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

4-phenyl-2,2′-bipyridine (0.30 g, 1.29 mmol), Re(CO)5Cl (0.55 g, 1.55 mmol), and toluene (30 

mL).  The pressure flask was capped and brought out of the glovebox and heated to 80 °C 

overnight. The solution was cooled to room temperature and the solvent was removed by reduced 

pressure. The solid was then column chromatographed on silica using a gradient between 

dichloromethane and Acetone (100 → 98:2). The compound was then dissolved in minimal 

dichloromethane and layered with diethyl ether. Upon filtering, a bright yellow compound was 

obtained (0.46 g, 66%). 1H NMR (500 MHz, Chloroform-d) δ 9.10 (ddd, J = 5.5, 1.6, 0.8 Hz, 1H), 

9.07 (d, J = 5.8 Hz, 1H), 8.32 (d, J = 1.8 Hz, 1H), 8.30 (dt, J = 8.1, 1.0 Hz, 1H), 8.09 (td, J = 7.9, 

1.6 Hz, 1H), 7.72 – 7.68 (m, 3H), 7.62 – 7.54 (m, 4H). 

 

C23PDI-PhBr 

1.40 g (3.57 mmol) perylene-3,4,9,10-dianhydride (PDA) and 736 mg (4.28 mmol) 4-bromoaniline 

were combined with 19 g imidazole in a 50 mL roundbottom flask. The flask was purged for 45 
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minutes with N2 and 1.9 mL (1.47  g, 4.35 mmol) 12-aminotricosane that had been melted over a 

steam bath was added via syringe. The flask was placed in a preheated 130° oil bath and stirred 

for 2 hours. The flask was then cooled to room temperature and the contents suspended in 125 mL 

dichloromethane with the aid of sonication and washed with 100 mL 2 M HCl. The emulsion was 

broken with 50 mL isopropanol and the aqueous layer was washed twice with 100 mL 

dichloromethane. The organic layers were combined, dried over MgSO4, gravity filtered and 

stripped. C23PDI-PhBr was separated from the symmetric C232-PDI on a silica column with 80-

100% DCM:hexanes (desired product eluted second). Yield: 1.42 g (38%) 1H NMR (500 MHz, 

Chloroform-d) δ 8.53 (s, 2H), 8.48 (d, J = 7.9 Hz, 4H), 8.28 (dd, J = 8.1, 5.8 Hz, 4H), 7.63 (d, J = 

8.3 Hz, 2H), 7.23 (d, J = 8.5 Hz, 2H), 5.44 – 4.77 (m, 1H), 2.18 (dtd, J = 14.1, 9.5, 4.7 Hz, 2H), 

1.86 (ddt, J = 14.7, 11.1, 5.4 Hz, 2H), 1.29 (tt, J = 13.2, 5.9 Hz, 8H), 1.15 (d, J = 10.3 Hz, 36H), 

0.78 (t, J = 6.9 Hz, 8H). 

 

C23PDI-PhI 

1.40 g (3.57 mmol) perylene-3,4,9,10-dianhydride (PDA) and 937 mg (4.28 mmol) 4-iodoaniline 

were combined with 19 g imidazole in a 50 mL roundbottom flask. The flask was purged for 45 

minutes with N2 and 1.9 mL (1.47  g, 4.35 mmol) 12-aminotricosane that had been melted over a 

steam bath was added via syringe. The flask was placed in a preheated 130° oil bath and stirred 

for 2 hours. The flask was then cooled to room temperature and the contents suspended in 125 mL 

dichloromethane with the aid of sonication and washed with 100 mL 2 M HCl. The aqueous layer 
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was washed twice with 125 mL dichloromethane. The organic layers were combined, dried over 

Na2CO3, gravity filtered and dried under vacuum. C23PDI-PhI was separated from the symmetric 

C232-PDI on a silica column with 80-100% DCM:hexanes followed by 0-8% ethyl acetate:DCM 

(desired product eluted second). Yield: 674 mg (17%).  1H NMR (500 MHz, Chloroform-d) δ 8.70 

(d, J = 8.0 Hz, 1H), 8.67 – 8.58 (d, J = 8.1 Hz, 2H), 7.88 (d, J = 8.4 Hz, 2H), 7.10 (d, J = 8.4 Hz, 

2H), 5.16 (m, J =, 1H), 2.23 (dtd, J = 14.2, 9.6, 4.8 Hz, 2H), 1.85 (ddt, J = 14.7, 10.7, 4.8 Hz, 2H), 

1.42-1.12 (m, 36H), 0.82 (t, J = 6.9 Hz, 6H). 

 

C23PDI-PhBpin 

520 mg (0.6 mmol) C23PDI-PhBr and 315 mg (1.2 mmol) bispinacolatoboron (B2pin2) or 500 

mg (0.54 mmol) C23PDI-PhI and 285 mg (1.1 mmol) B2pin2 were combined with 180 mg 

potassium acetate and 45 mg (0.06 mmol) Pd(dppf)Cl2 in a 100 mL two-neck roundbottom flask 

fitted with a condensor. The flask was evacuated and backfilled three times with N2. 50 mL dry, 

degassed DMF was injected and the flask was stirred at 100° overnight (C23PDI-PhBr) or for one 

hour (C23PDI-PhI). The flask was cooled to room temperature, the contents diluted with 50 mL 

DCM, and washed with 3x100 mL DI H2O. The organic layer was concentrated to 3 mL and 50 

mL MeOH was added to precipitate the product, which was collected by centrifugation, washed 

with an additional 50 mL MeOH and dried. Yield: 529 mg (from C23PDI-PhBr, 96%), 430 mg 

(from C23PDI-PhI, 87%). 1H NMR (500 MHz, Chloroform-d) δ 8.68 (m, 8H), 8.01 (d, J = 8.0 
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Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 5.25-5.06 (m, 1H), 2.23 (m, 2H), 1.84 (m, 2H), 1.36 (s, 12H), 

1.42-1.10 (m, 36H), 0.82 (t, J = 6.9 Hz, 6H). 

 

C23PDI-Phbpy 

425 mg (0.33 mmol) C23PDI-PhBpin, 81 mg (0.33 mmol) 4-bromobipyridine, and 361 mg (3.33 

mmol) were combined in 40 mL THF and 10 mL DI H2O in a two-neck 100 mL roundbottom flask 

and sparged 30 minutes with N2. 52 mg (0.033 mmol) Pd(PPh3)4 (Strem) was added under flow of 

N2 and the solution sparged for an additional ten minutes, then refluxed overnight. The flask was 

cooled to room temperature, the contents diluted with 300 mL DCM, washed with 3x200 mL DI 

H2O, gravity filtered and dried under vacuum. The precipitate was dissolved in minimal DCM and 

50 mL MeOH added to precipitate product. The product was collected by centrifugation, washed 

with an additional 50 mL MeOH and dried. Yield: 287 mg (91%). 1H NMR (500 MHz, 

Chloroform-d) δ 8.76-8.61 (m, 8 H), 8.75 (d, J = 8.1 Hz, 1H), 8.71 (d, J = 4.6 Hz, 1H), 8.66 (s, 

1H), 8.45 (d, J = 8.0, 1H), 7.96 (d, J = 8.4 Hz, 2H), 7.84 (td, J = 7.7, 1.8 Hz, 1H), 7.60 (dd, J = 

5.0, 1.6 Hz, 1H), 7.50 (d, J = 8.3 Hz, 2H), 7.33 (dd, J = 7.7, 4.6 Hz, 1H), 5.17 (tt, J = 9.5, 5.7 Hz 

1H), 2.23 (m, 2H), 1.84 (m, 2H), 1.42-1.10 (m, 36H), 0.82 (t, J = 6.9 Hz, 6H). 
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C23PDI-PhPy 

128 mg (0.10 mmol) C23PDI-PhBpin, 21.4 mg (0.11 mmol) 4-bromopyridine HCl, and 108 mg 

(1.0 mmol) Na2CO3 were combined in 20 mL THF and 5 mL DI H2O in a 50 mL two-necked 

roundbottom flask and sparged 30 minutes with N2. 16 mg (0.01 mmol) Pd(PPh3)4 was added 

under flow of N3 and the solution sparged for an additional ten minutes, then refluxed overnight. 

A great deal of insoluble red product forms on the inside of the flask, likely trapping product within 

it. The flask was cooled to room temperature, diluted with 50 mL DCM, washed with 50 mL 

saturated KOH and 3x100 mL DI H2O and dried under vacuum. The precipitate was dissolved in 

minimal DCM and 50 mL MeOH was added to precipitate product. The suspension was filtered 

through Celite and the precipitate washed with MeOH, then washed off the Celite with DCM. The 

solution was collected and dried under vacuum. Yield: 15 mg (17%).  

C23PDI-PhPy was also prepared from C23PDI-PhBr by the following method: In an oven dried 

round bottom flask with a magnetic stirrer and reflux condenser, C23PDI-PhBr (0.10 g, 0.12 

mmol), 4-Pyridinylboronic acid (0.03 g, 0.23 mmol), and Na2CO3 (0.70 g, 6.60 mmol) were 

dissolved in THF (150 mL) and H2O (30 mL) and put under N2. After 15 minutes of purging, fresh 

Pd(PPh3)4 (0.007 g, 5% eq) was added via the second port and purged for 5 minutes. The solution 

was set to reflux overnight. The solution was cooled to room temperature and the solvent was 

removed under reduced pressure. The remaining solid was suspended in MeOH and filtered 

through a celite plug. Dichloromethane was then used to elute the product. After the solvent was 
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removed under reduced pressure a dark red solid was obtained (40%, 0.04g). 1H NMR (500 MHz, 

Chloroform-d) δ 8.73 (d, J = 10.0 Hz, 2H), 8.71 – 8.66 (m, 8H), 7.83 – 7.81 (m, 2H), 7.60 – 7.57 

(m, 2H), 7.52 – 7.48 (s, 2H), 5.14 – 5.08 (m, 1H), 2.25-2.15 (m, 2H), 1.87-1.83 (m, 2H), 1.23-1.17 

(m, 36H), 0.82 (t, J = 7.5 Hz, 6H) 

 

Phbpy-Re-PyPhPDI 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

C23PDI-PhPy (0.04 g, 0.046 mmol), Phby-Re-Cl (0.03 g, 0.055 mmol), AgPF6 (0.015 mg, 0.059 

mmol), and dichloromethane (40 mL). The pressure flask was capped and brought out of the 

glovebox and heated to 80 °C overnight. The solution was cooled to room temperature and filtered 

through Celite. The solvent was removed under reduced pressure and then column 

chromatographed on silica using a gradient between dichloromethane and Acetone (100 → 96:4 

→ 90:10 → 80:20). A dark red compound was obtained (0.03 g, 14%). 1H NMR (500 MHz, 

Chloroform-d) δ 9.10 – 9.02 (m, 2H), 8.74 (d, J = 8.3 Hz, 1H), 8.70 (d, J = 1.9 Hz, 1H), 8.69 – 

8.55 (m, 8H), 8.36 (td, J = 8.0, 1.8 Hz, 1H), 8.24 – 8.19 (m, 2H), 7.90 – 7.85 (m, 3H), 7.76 – 7.70 

(m, 3H), 7.64 – 7.60 (m, 2H), 7.60 – 7.52 (m, 3H), 7.44 – 7.40 (m, 2H), 5.17-5.12 (m, 1H), 2.25-

2.15 (m, 2H), 1.87-1.83 (m, 2H), 1.20-1.17 (m, 36H), 0.82 (t, 6H) 13C NMR (126 MHz, CDCl3) δ 

163.4, 157.5, 156.3, 155.9, 153.8, 152.8, 152.7, 152.0, 151.1, 141.8, 137.4, 135.9, 135.4, 135.0, 
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134.2, 132.0, 131.5, 130.0, 129.9, 129.6, 128.9, 128.4, 127.8, 126.8, 126.5, 126.3, 126.1, 124.9, 

123.5, 123.3, 123.2, 123.0, 105.3, 55.0, 32.5, 32.0, 29.8, 29.7, 29.7, 29.6, 29.4, 27.1, 22.8, 14.2 

HRMS-ESI (m/z): calculated C77H75N5O7Re [M −PF6]
+: 1368.5224, found 1368.5217 

 

PDI-Phbpy-Re-ACN 

68 mg Re(CO)5Br and 188 mg C23PDI-Phbpy were combined in 50 mL toluene in a 100 mL 

pressure tube in the glovebox and heated to 110° for 90 minutes. Tolene was removed under 

vacuum and the precipitate was dissolved in 20 mL DCM. 4 mL acetonitrile and 56 mg AgPF6 

were added and the solution was heated in the pressure tube at 55° overnight. The solvent was 

removed under vacuum and the precipitate dissolved in 100 mL acetonitrile, filtered through 

Celite, and dried under vacuum. Yield: 198 mg (50%). 1H NMR (500 MHz, Chloroform-d) δ 8.95 

(t, J = 6.5 Hz, 2H), 8.75-8.58 (m, 10H), 8.27 (td, J = 8.0, 1.1 Hz, 1H), 8.06 (d, J = 8.2 Hz, 2H), 

7.83 (dd, J = 5.7, 1.1 Hz, 1H), 7.65 (t, J = 6.0 Hz, 1H), 7.62 (d, J = 8.1 Hz, 2H), 5.16 (m, 1H), 2.23 

(m, 2H), 2.20 (s, 3H), 1.84 (m, 2H), 1.36 (s, 12H), 1.42-1.10 (m, 36H), 0.82 (t, J = 6.9 Hz,  6H) 
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PDI-Phbpy-Re-Py 

45 mg PDI-Phbpy-Re-ACN and 50 µL pyridine were dissolved in 25 mL chloroform and refluxed 

overnight. Solvent was removed under vacuum. Product was chromatographed on silica with 0-

5% MeOH:DCM. The main band was collected and solvent evaporated under vacuum. Precipitate 

was dissolved in DCM and poured over a silica plug. The red material that remained at the top of 

the plug was exhaustively washed with DCM until eluent was colorless. The layer of silica 

containing red material was scraped off the top of the plug and extracted with 10% MeOH:DCM. 

The solvent was evaporated under vacuum to produce pure product. 1H NMR (500 MHz, 

Chloroform-d) δ 9.06 (t, J = 5.0 Hz, 2H), 8.81-8.60 (m, 10H), 8.34 (m, 1H), 8.17 (d, J = 5.1 Hz, 

2H), 8.08 (d, J = 7.9 Hz, 2H), 7.91 (d, J = 5.7 Hz, 1H), 7.83 (t, J = 7.3 Hz, 1H), 7.73 (t, J = 6.5 Hz, 

1H), 7.60 (d, J = 7.3 Hz, 2H), 7.40 (m, 2H), 5.16 (m, 1H), 2.23 (m, 2H), 1.84 (m, 2H), 1.36 (s, 

12H), 1.42-1.10 (m, 36H), 0.82 (t, J = 6.9 Hz, 6H) 13C NMR (126 MHz, Chloroform-d) δ 195.69, 

190.93, 163.24, 156.23, 155.76, 152.93, 152.58, 151.63, 141.63, 139.94, 137.92, 135.41, 135.15, 

133.91, 131.78, 130.28, 129.62, 129.32, 128.86, 128.75, 127.24, 126.41, 126.21, 125.97, 123.35, 

123.02, 122.79, 54.88, 32.36, 31.91, 29.64, 29.62, 29.58, 29.34, 27.06, 22.67, 14.11. HRMS-ESI 

(m/z): calculated C71H71N5O7Re [M −PF6]
+: 1292.4911, found 1292.4900 

 

DtB-NIA 
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In an oven dried round bottom flask with a magnetic stirrer, reflux condenser, and addition funnel. 

Naphthalene-1,4,5,8-tetracarboxylic dianhydride (13.08 g, 48.78 mmol) was added to the flask 

with pyridine (200 mL) and DMF (200 mL) and heated to reflux 120 °C under N2. 2,5-Di-tert-

butylaniline (5.0 g, 24.39) was dissolved in pyridine (50 mL) and added via the addition funnel 

and slowly added over a 30-minute period. The reaction was allowed to go overnight. The solution 

was cooled to room temperature and the solvent was removed under reduced pressure. The product 

was then extracted with dichloromethane (200 mL) and washed with water (3 x 100 mL). The 

organic layer was separated and the solvent was removed under reduced pressure. The remaining 

solid was purified by column chromatography using dichloromethane and 

dichloromethane:Acetone (99:1) to obtain an off-white solid (2.50 g, 23%). 1H NMR (500 MHz, 

Chloroform-d) δ 8.91 – 8.83 (m, 4H), 7.61 (d, J = 8.6 Hz, 1H), 7.50 (dd, J = 8.6, 2.2 Hz, 1H), 6.98 

(d, J = 2.1 Hz, 1H), 1.34 (s, 9H), 1.26 (d, 9H). 

 

DtB-NDI-PhBpin  

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, DtB-NIA (1.50 

g, 3.29 mmol) and 4-(tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (1.02 g, 4.65 mmol) were 

dissolved in pyridine (50 mL) and heated to 120 °C under N2 overnight. The solution was cooled 

to room temperature and pyridine was removed in vacuo. The gooey material was then dissolved 

in 30 mL of dichloromethane and washed with 30 mL of 1M HCl. The organic layer was separated 
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and the solvent was removed under reduced pressure. The remaining solid was washed with 20 

mL MeOH, affording an off-white colored powder (1.50 g, 70%). 1H NMR (500 MHz, 

Chloroform-d) δ 8.85 (s, 4H), 8.04 (d, J = 8.1 Hz, 2H), 7.61 (d, J = 8.6 Hz, 1H), 7.49 (dd, J = 8.6, 

2.2 Hz, 1H), 7.37 – 7.32 (m, 2H), 7.01 (d, J = 2.2 Hz, 1H), 1.38 (s, 12H), 1.33 (s, 9H), 1.28 (s, 

9H). 

 

DtB-NDI-Phbpy 

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, compound N2 

(0.10 g, 0.15 mmol), B3 (0.04 g, 0.18 mmol), and Na2CO3 (0.127 g, 1.2 mmol) were dissolved in 

THF (33mL) and H2O (7mL) and put under N2. After 15 minutes of purging, fresh Pd[PPh3]4 

(8.7mg , 5% eq) was added via the second port and purged for 5 minutes. The solution was set to 

reflux overnight. The solution was cooled to room temperature and the solvent was removed under 

reduced pressure. The crude material was then dissolved in dichloromethane and ran through a 

celite plug. The solvent was removed under reduced pressure. The remaining solid was sonicated 

in minimal MeOH and allowed to sit overnight in a freezer. The solution was filtered and the light 

brown solid was collected (20%, 0.043g). 1H NMR (500 MHz, Chloroform-d) ) δ 8.89 (s, 4H), 

8.80 – 8.71 (m, 3H), 8.48 (dt, J = 8.0, 1.2 Hz, 1H), 7.99 (d, J = 8.3 Hz, 2H), 7.86 (td, J = 7.8, 1.8 

Hz, 1H), 7.64 – 7.59 (m, 2H), 7.52 – 7.48 (m, 3H), 7.38 – 7.34 (m, 1H), 7.03 (d, J = 2.2 Hz, 1H), 

1.34 (s, 9H), 1.29 (s, 9H).  
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DtB-NDI-PhPy 

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, DtB-NDI-

PhBpin (0.50 g, 0.15 mmol), 4-Bromopyridine hydrochloride (0.22 g, 1.13 mmol), and Na2CO3 

(0.70 g, 6.60 mmol) were dissolved in THF (150 mL) and H2O (30 mL) and put under N2. After 

15 minutes of purgin g, fresh Pd[PPh3]4 (0.06 g, 5% eq) was added via the second port and purged 

for 5 minutes. The solution was set to reflux overnight. The solution was cooled to room 

temperature and the solvent was removed under reduced pressure. The remaining solid was put 

through a silica plug. Using dichloromethane, and ultimately dichloromethane:MeOH (90:10) to 

elute the product. The solid was then sonicated in minimal MeOH and filtered to obtain an off-

white solid (49%, 0.043g). 1H NMR (500 MHz, Chloroform-d) δ 8.86 (d, 4H), 8.71 (d, 2H), 7.85-

7.80 (d, 2H), 7.62-7.53 (m, 3H), 7.50-7.43 (m, 3H), 7.02 (s, 1H), 1.32 (s, 9H), 1.27 (s, 9H). 

 

NDI-Phbpy-Re-Cl  

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

compound N3 (0.1 g, 0.15 mmol), pentacarbonylchlororhenium(I) (0.065 g, 0.18 mmol), and 
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dichloromethane (30 mL).  The pressure flask was capped and brought out of the glovebox and 

heated to 80 °C overnight. The solution was cooled to room temperature and the solvent was 

removed by reduced pressure. The solid was then column chromatographed on silica using a 

gradient between dichloromethane and Ethyl Acetate (100 → 98:2 → 85:15). The compound was 

then dissolved in minimal dichloromethane and layered with diethyl ether. Upon filtering, a bright 

yellow compound was obtained with sufficient purity to carry through to the next step. Yield: (0.03 

g, 20%). 1H NMR (500 MHz, Chloroform-d) δ 9.12 (td, J = 5.6, 1.1 Hz, 2H), 8.90 (s, 4H), 8.38 

(d, J = 1.8 Hz, 1H), 8.35 – 8.30 (m, 1H), 8.10 (td, J = 7.6, 3.7 Hz, 1H), 7.93 – 7.87 (m, 2H), 7.75 

(dt, J = 5.9, 1.9 Hz, 1H), 7.65 – 7.58 (m, 2H), 7.58 – 7.54 (m, 2H), 7.51 (dd, J = 8.6, 2.2 Hz, 1H), 

7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H). 

 

NDI-Phbpy-Re-Py 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

NDI-Phbpy-Re-Cl (30 mg, 0.030 mmol), AgPF6 (8 mg, 0.033 mmol), pyridine (10μL, 0.036), and 

dichloromethane (40 mL). The pressure flask was capped and brought out of the glovebox and 

heated to 80 °C overnight. The solution was cooled to room temperature and filtered through celite. 

The solvent was removed under reduced pressure and then column chromatographed on silica 

using a gradient between dichloromethane and Acetone (100 → 90:10). The compound was then 



89 

 

dissolved in minimal dichloromethane and layered with diethyl ether. Upon filtering, a bright 

yellow compound was obtained (3 mg, 8%). 1H NMR (500 MHz, Chloroform-d) δ 9.10 – 9.03 

(m, 2H), 8.86 (s, 4H), 8.77 – 8.69 (m, 2H), 8.32 (td, J = 7.9, 1.5 Hz, 1H), 8.16 (dt, J = 5.2, 1.5 Hz, 

2H), 8.10 (d, J = 8.5 Hz, 2H), 7.91 (dd, J = 5.9, 1.9 Hz, 1H), 7.82 (tt, J = 7.7, 1.5 Hz, 1H), 7.72 

(ddd, J = 7.4, 5.6, 1.1 Hz, 1H), 7.63 – 7.54 (m, 3H), 7.48 (dd, J = 8.6, 2.2 Hz, 1H), 7.42 – 7.35 (m, 

2H), 7.01 (d, J = 2.2 Hz, 1H), 1.32 (s, 9H), 1.27 (s, 9H) 13C NMR (126 MHz, CDCl3) δ 163.9, 

162.9, 156.5, 155.9, 152.8, 152.8, 152.6, 151.7, 150.5, 143.8, 141.8, 140.1, 137.5, 136.0, 132.1, 

131.7, 131.6, 130.3, 129.1, 129.1, 128.9, 127.6, 127.5, 127.5, 127.4, 126.9, 126.4, 126.2, 123.8, 

35.7, 34.4, 31.9, 31.3 HRMS-ESI (m/z): calculated C52H41N5O7Re [M −PF6]
+: 1034.2563, found 

1034.2561 

 

Phbpy-Re-PyPhNDI 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

Phby-Re-Cl (0.05 g, 0.01 mmol), DtB-NDI-PhPy (0.06 g, 0.10 mmol), AgPF6 (0.03 mg, 0.13 

mmol), and dichloromethane (40 mL). The pressure flask was capped and brought out of the 

glovebox and heated to 80 °C overnight. The solution was cooled to room temperature and filtered 

through celite. The solvent was removed under reduced pressure and then column 
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chromatographed on silica using a gradient between dichloromethane and Acetone (100 → 90:10). 

The compound was then dissolved in minimal dichloromethane and layered with diethyl ether. 

Upon filtering, a bright yellow compound was obtained (0.03 g, 40%). 1H NMR (500 MHz, 

Chloroform-d) δ 9.10 (d, J = 6.5 Hz, 1H), 9.06 (d, J = 5.8 Hz, 1H), 8.87 – 8.82 (m, 4H), 8.76 – 

8.73 (d, J = 9.0 Hz,  1H), 8.71 (d, J = 1.8 Hz, 1H), 8.36 (td, J = 8.0, 1.6 Hz, 1H), 8.26 – 8.21 (m, 

2H), 7.93 – 7.87 (m, 3H), 7.81 – 7.77 (m, 2H), 7.76 – 7.72 (m, 1H), 7.69 – 7.65 (m, 2H), 7.63 – 

7.55 (m, 4H), 7.50 – 7.47 (m, 1H), 7.45 – 7.41 (m, 2H), 7.01 (d, J = 2.2 Hz, 1H), 1.33 (s, 9H), 1.27 

(s, 9H) 13C NMR (126 MHz, CDCl3) δ 163.8, 162.9, 156.3, 156.0, 153.9, 152.7, 152.0, 151.0, 

150.5, 143.8, 141.8, 136.9, 136.3, 135.1, 132.0, 131.7, 131.6, 131.5, 129.9, 129.9, 129.1, 128.9, 

128.5, 127.7, 127.6, 127.5, 127.4, 126.8, 126.3, 126.1, 125.0, 123.5, 35.7, 34.4, 31.8, 31.3. HRMS-

ESI (m/z): calculated C71H71N5O7Re [M −PF6]
+: 1292.4911, found 1292.4900 

2.8 Supplementary Details 

2.8.1 Transient Absorption SVD/global fitting 

Treatment of Transient Absorption Data 

Prior to kinetic analysis, the fsTA data were background/scatter-subtracted and chirp-

corrected, and the visible and NIR data sets were spectrally merged (Surface Xplorer 4, Ultrafast 

Systems, LLC). 

Kinetic Fitting of Transient Absorption Data 

The kinetic analysis was performed using home written programs in MATLAB 113 and 

was based on a global fit to either selected single-wavelength kinetics or kinetic vectors 

following singular value decomposition (method is specified for each compound in Figures 2.11-

2.24). The time-resolution is given as w = 300 fs (full width at half maximum, FWHM); the 
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assumption of a uniform instrument response across the frequency domain and a fixed time-zero 

(t0) are implicit in global analysis. 

Singular Value Decomposition 

Factoring of the two-dimensional (signal vs time & frequency) data set by Singular Value 

Decomposition (SVD) is performed as implemented in the MATLAB software package.113 This 

factoring produces an orthonormal set of basis spectra that describe the wavelength dependence 

of the species and a corresponding set of orthogonal vectors that describe the time-dependent 

amplitudes of the basis spectra.114 These kinetic vectors are then fit using the global analysis 

method described below. 

Multiple-Wavelength Global Fitting 

The kinetic data from multiple different wavelengths are fit using the global analysis 

described below. Each wavelength is given an initial amplitude that is representative of the 

spectral intensity at time t0, and varied independently to fit the data. The time/rate constants and 

t0 are shared between the various kinetic data and are varied globally across the kinetic data in 

order to fit the species-associated model described below.  

Species-Associated Fitting 

We globally fit the dataset to a specified kinetic model and use the resultant populations 

to deconvolute the dataset and reconstruct species-associated spectra.  

We use a first-order kinetic model with rate matrix K whose dimensions depend on the number 

of components in the model. For an A→B→(G)round model, used to fit all the data except the 

short-time data for Phbpy-Re-PyPhNDI1− and Phbpy-Re-PyPhPDI2−,  the matrix is: 

𝐾 = (
−𝑘𝐴→𝐵 0
𝑘𝐴→𝐵 −𝑘𝐵→𝐺

) 
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For the A→B+C→(G)round model used to fit the short-time data for Phbpy-Re-PyPhNDI1− and 

Phbpy-Re-PyPhPDI2−, the matrix is: 

𝐾 = (

−𝑘𝐴→𝐵+𝐶 0 0
𝑘𝐴→𝐵+𝐶 −𝑘𝐵→𝐺 0
𝑘𝐴→𝐵+𝐶 0 −𝑘𝐶→𝐺

) 

The MATLAB program numerically the solves the differential equations through matrix 

methods,115 then convolutes the solutions with a Gaussian instrument response function with 

width w (FWHM), before employing a least-squares fitting using a Levenberg-Marquardt or 

Simplex method to find the parameters which result in matches to the kinetic data.  

Spectral Reconstruction 

Once the fit parameters are established, they are fed directly into the differential 

equations, which were solved for the populations of the states in model—i.e., A(t), B(t) and C(t). 

Finally, the raw data matrix (with all the raw data) is deconvoluted with the populations as 

functions of time to produce the spectra associated with each species. 
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2.8.2 Transient Absorption Data  

 

 

Figure 2.11: From top left to bottom right: 

Visible and NIR transient absorption spectra of 

C232-PDI
1−

 (λ
ex

 = 650 nm), C232-PDI
2−

 (λ
ex

 = 

571 nm) and Cy2-NDI
1−

 (λ
ex

 = 605 nm). 

C23
2
-PDI

1−
 

C23
2
-PDI

2−
 

Cy
2
-NDI

1−
 

Figure 2.12: Transient absorption spectra, species-

associated spectra, global multiple-wavelength kinetic traces 

and fits, and populations of each species for PDI1−-Phbpy-

Re-Py (λex = 950 nm). 

TA Spectra Species-Associated Spectra Kinetic Fits 

Populations 
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Figure 2.13: Transient absorption spectra, species-associated 

spectra, global multiple-wavelength kinetic traces and fits, and 

populations of each species for PDI1−-Phbpy-Re-Py (λex = 

680 nm). 

 

TA Spectra Species-Associated Spectra Kinetic Fits 

Populations 

Figure 2.14: Time-resolved IR spectra and global multiple-wavelength kinetic traces and fits 

for PDI1−-Phbpy-Re-Py (λex = 700 nm). 

TA Spectra Kinetic Fits 
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Figure 2.15: Transient absorption spectra, species-associated spectra, global multiple-

wavelength kinetic traces and fits, and populations of each species for PDI2−-Phbpy-Re-Py 

(λex = 570 nm). 

TA Spectra Species-Associated Spectra 

Kinetic Fits 

Figure 2.16: Time-resolved IR spectra and global multiple-wavelength kinetic traces and fits 

for PDI2−-Phbpy-Re-Py (λex = 570 nm). 

TA Spectra Kinetic Fits 
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Figure 2.17: Transient absorption spectra, species-associated spectra, and singular value 

decomposition kinetic traces and fits for NDI1−-Phbpy-Re-Py (λex = 605 nm). 

TA Spectra Species-Associated Spectra Kinetic Fits 

Figure 2.18: Time-resolved IR spectra and global multiple-wavelength kinetic traces and fits 

for NDI1−-Phbpy-Re-Py (λex = 605 nm). 

TA Spectra Kinetic Fits 

Figure 2.19: Transient absorption spectra, species-associated spectra, and singular value 

decomposition kinetic traces and fits for Phbpy-Re-PyPhPDI1− (λex = 950 nm). 

TA Spectra Species-Associated Spectra Kinetic Fits 
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Figure 2.20: Time-resolved IR spectra and global multiple-wavelength kinetic traces and fits 

for Phbpy-Re-PyPhPDI1− (λex =705 nm). 

TA Spectra Kinetic Traces 
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Phbpy-Re-PyPhPDI2−

Figure 2.21: Left column: Transient absorption spectra for Phbpy-Re-PyPhPDI2− (λex = 570 

nm). Middle column: Species-associated spectral fits to the data. Right column: Multiple-

wavelength kinetic traces and fits (at short times) and singular value decomposition kinetic 

traces and fits (at long times) to the kinetic data based on the species-associated fits and 

lifetimes shown. 

 

TA Spectra Species-Associated Spectra 

Kinetic Fits 

TA Spectra Species-Associated Spectra Kinetic Fits 

Populations 
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Figure 2.22: Time-resolved IR spectra and global multiple-wavelength kinetic traces and fits 

for Phbpy-Re-PyPhPDI2− (λex = 570 nm) 

TA Spectra Kinetic Traces 



100 

 

Phbpy-Re-PyPhNDI1−

 
 

 

  

Figure 2.23: Left column: Transient absorption spectra for Phbpy-Re-PyPhNDI1− (λex = 

605 nm). Middle column: Species-associated spectral fits to the data. Right column: Multiple-

wavelength kinetic traces and fits (at short times) and singular value decomposition kinetic 

traces and fits (at long times) to the kinetic data based on the species-associated fits and 

lifetimes shown. 

TA Spectra Species-Associated Spectra Kinetic Fits 

TA Spectra Kinetic Traces 

Figure 2.24: Time-resolved IR spectra and multiple-wavelength kinetic traces for Phbpy-Re-

PyPhNDI1− (λex = 605 nm) 
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2.8.2 Donor-Acceptor Distances 

 

Table 2.4. Donor-acceptor distances in the complexes under study, calculated from the DFT-

optimized geometries. 

 rRDI,bpy (Å) rRDI,Re (Å) rRe,bpy (Å) 

PDI-Phbpy-Re-Py 14.2 16.4 2.95 

NDI-Phbpy-Re-Py 12.1 14.2 2.95 

Phbpy-Re-PyPhPDI 16.9 16.4 2.83 

Phbpy-Re-PyPhNDI 14.5 14.3 2.95 

2.8.3 Electronic Calculations 

 

 

  

Figure 2.25: Frontier orbitals for the PDI−[Re(Phbpy)(py)(CO)3]
+ dyad with 

isodensity=0.03 
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Table 2.5: Relevant orbital energies in eV for all species as non-reduced singlets. 

 
[Re(Phbpy)(py)(CO)3]

+ Dyad PDI 

LUMO+3 
 

−1.88 
 

LUMO+2 
 

−1.89 −1.67 

LUMO+1 −1.85 −2.66 −1.85 

LUMO −2.65 −3.42 −3.39 

HOMO −6.46 −5.88 −5.85 

HOMO−1 
 

−6.47 −7.26 

Table 2.6: The wavelengths λ, oscillator strengths f, and dominant orbital characters for the 10 

lowest−energy calculated vertical electronic transitions of [Re(Phbpy)(py)(CO)3]
+. 

λ 

[nm] 

f Primary Transition 

Character 

% Secondary Transition 

Character 

% 

394.7 0.040 HOMO→LUMO 70 HOMO−1→LUMO 28 

383.4 0.117 HOMO−1→LUMO 67 HOMO→LUMO 24 

369.7 0.044 HOMO−2→LUMO 91 HOMO−1→LUMO 4 

317.2 0.208 HOMO−3→LUMO 76 HOMO−5→LUMO 8 

308.3 0.142 HOMO→LUMO+1 56 HOMO−3→LUMO 14 

304.3 0.019 HOMO−1→LUMO+1 39 HOMO−4→LUMO 21 

302.2 0.016 HOMO−4→LUMO 36 HOMO−1→LUMO+1 33 

301.3 0.046 HOMO→LUMO+2 39 HOMO−5→LUMO 22 

295.8 0.200 HOMO−5→LUMO 35 HOMO−1→LUMO+2 26 

295.5 0.089 HOMO−1→LUMO+2 33 HOMO→LUMO+2 16 

Table 2.7: The calculated vibronic absorption maximum peak wavelengths λ of the first three 

electronic transitions, and the vertical wavelengths λ, oscillator strengths f, and dominant orbital 

characters for the 10 lowest−energy calculated electronic transitions of the reduced PDI− radical.  

λvibronic 

[nm] 

λ 

[nm] 

f Primary Transition 

Character 

% Secondary Transition 

Character 

% 

974.4 844.3 0.032 βHOMO→LUMO 74 αLUMO→LUMO+1 26 
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688.4 668.6 0.052 αLUMO→LUMO+2 97 N/A 0 

717.1 621.4 0.885 αLUMO→LUMO+1 72 βHOMO→LUMO 24 

 532.5 0.001 αLUMO→LUMO+3 97 N/A 0 

 462.7 0.000 αLUMO→LUMO+4 39 βHOMO→LUMO+2 18 

 442.2 0.000 βHOMO→LUMO+1 33 αHOMO→LUMO+1 29 

 419.7 0.000 αLUMO→LUMO+4 48 βHOMO→LUMO+2 13 

 400.2 0.000 βHOMO−1→LUMO 92 βHOMO−1→LUMO+1 4 

 399.0 0.000 βHOMO−2→LUMO 92 βHOMO−2→LUMO+1 4 

 394.3 0.000 βHOMO−3→LUMO 52 βHOMO−4→LUMO 26 

 

2.8.4 Excited State Equilibrium 

 

Determination of PDI1–*–PDI0 equilbrium constant 

The extinction coefficient for PDI1–* was determined by examination of the transient 

absorption spectra of PDI1– (Figure 2.2 in main text). The known extinction coefficient for the 

bleach at 798 nm (ε = 49600 M–1 cm–1)45 was used to determine the transient concentration of 

Figure 2.26: Calculated SOMO (isovalue=0.03) and spin density (isovalue=0.002, 

magenta for spin up and teal for spin down) of  the Re(Phbpy
•−

)(CO)
3
(PyPh) doublet 

anion, calculated with B3LYP/Def2TZVP//Def2SVP showing that the reducing 

electron density is largest on the bpy, with some density extending onto the 4-phenyl 

group. 
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PDI1–*
 at a number of time points. That concentration was then used to determine the extinction 

coefficient of PDI1–* at 460 nm and 526 nm (ε460 = 25800 M–1 cm–1, ε526 = 3300 M–1 cm–1). The 

extinction coefficients of PDI0 at those wavelengths were obtained from the literature45 (ε460 = 

19300 M–1 cm–1, ε526 = 80000 M–1 cm–1). The concentration of each species at a given timepoint 

can be expressed as the following system of equations: 

𝐴460 = [PDI1−∗]  × ε460,PDI1−∗ + [PDI0]  × ε460,PDI0 

𝐴526 = [PDI1−∗]  × ε526,PDI1−∗ + [PDI0]  × ε526,PDI0 

This system can be solved to give the following expressions for [PDI1–*] and [PDI0]: 

[PDI1−∗]  =
𝐴460  ×  ε526,PDI0 − 𝐴526  ×  ε460,PDI0

ε460,PDI1−∗  ×  ε526,PDI0 − ε526,PDI0  ×  ε460,PDI0
 

[PDI0] =
𝐴460  ×  ε526,PDI1−∗ − 𝐴526  ×  ε460,PDI1−∗

ε526,PDI0  ×  ε460,PDI0 − ε460,PDI1−∗  ×  ε526,PDI0
 

 

These expressions were applied to the spectra derived from the SVD of the transient absorption 

data to derive the equilibrium constants for the PDI1–* ⇌ PDI0 excited-state electron transfer 

reaction. 

  

Figure 2.27: Plot of ln K
eq

 vs. 1/T derived from the [PDI
0
]:[PDI

1−*
] ratio in the SVD spectra 

of variable-temperature TA experiments on PDI
1−

-Phbpy-Re-Py. 
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Chapter 3 Photodriven Electron from the Highly Reducing Excited 

State of Naphthalene Diimide Radical Anion to a CO2 Reduction 

Catalyst within a Molecular Triad  
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3.1 Introduction 

 

Over the past several decades, many research groups have focused a great deal of effort on the 

electron transfer photosensitization of carbon dioxide reduction catalysts.116-117 The work carried 

out in these groups has at turns focused on optimizing turnover frequency, catalyst durability, 

selectivity for CO2 reduction products, or other factors. For the most part, the photosensitizers used 

in these systems have been polypyridyl or polypyrrole complexes of low-abundance second and 

third row transition metals, for the reason that these chromophores offer a reasonable balance of 

excited state lifetimes, reducing power, and visible light absorption. Typical organic chromophores 

with the power to reduce typical CO2 reduction catalysts absorb in the blue or UV spectral regions, 

making them of little use for artificial photosynthesis. Recently, though, our group and others have 

reported donor-acceptor systems that make use of the radical anions of chemically-robust 

naphthalenediimide (NDI) and perylenediimide (PDI) derivatives as highly reducing 

chromophores that absorb in the red to near infrared.49-50, 74-75, 118-120 

The NDI radical anion (NDI−•) is easily produced by mild chemical or electrochemical 

reduction (–0.5 V vs. SCE).  Photoexcitation of NDI−•, even at its longest wavelength absorption 

band at 785 nm,45 produces its excited doublet state (*NDI−•), which is a strong photoreductant, 

possessing an excited-state oxidation potential of about –2.1 V vs. SCE, making it an extremely 

attractive chromophore for photosensitizing difficult-to-reduce substrates. However, in donor-

acceptor systems reported earlier,120 the free energy for back electron transfer, coupled with the 

increased electronic coupling associated with short donor-acceptor distances, has resulted in 

lifetimes for the charge-shifted state that are relatively short, up to tens of nanoseconds at most. 

In the present report, we describe a covalent molecular triad system in which photoexcitation 

of an NDI−• chromophore produces NDI−•* that serves as a powerful photoreductant to initially 
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reduce a 9,10-diphenylanthracene (DPA) acceptor. This is followed by thermal electron transfer 

from DPA−• to a Re(dmb)(CO)3 carbon dioxide reduction catalyst where dmb is 4,4’-dimethyl-

2,2’-bipyridine. By employing an intermediate acceptor whose reduction potential is substantially 

more negative than the reduction potential of the metal complex, forward electron transfer occurs 

via a series of two rapid short-distance steps while back electron transfer must occur via a single 

long distance step. The result is that the back electron transfer lifetime is lengthened substantially, 

to longer than 40 microseconds.  Sufficiently long lifetimes for the highly reduced intermediates 

involved in CO2 reduction by metal complexes are a necessary condition for efficient catalysis, 

given the need for small molecules to diffusively encounter these intermediates. This triad motif 

is appropriate for integration into organic or organometallic systems in which it is desirable to 

deliver electrons at highly reducing potentials using long-wavelength light typical of solar 

irradiation, and where back-electron transfer is a concern. 

3.2 Experimental Details 

 

3.2.1 Synthesis and Materials 

Dichloromethane, CH3CN, and MeOH used for synthesis were obtained from Fisher 

Scientific and used as received. DMF used for synthesis and spectroscopic experiments was dried 

on a commercial system (GlassContour, Laguna Beach, CA). For spectroscopy, DMF was further 

transferred under argon into a N2-filled glovebox (MBraun Unilab) for use and storage. 

Commercially available reagents were purchased from Sigma-Aldrich or Oakwood Chemicals and 

used as received. Compounds were reduced in the glovebox using tetrakisdiaminoethylene 

(TDAE) from Tokyo Chemical Industries. UV/Vis/NIR absorbance spectroscopy was performed 

on a Shimadzu UV-1601 spectrometer at 298 K. 



108 

 
1H NMR spectra were recorded on a Bruker Avance 500 TCI Cryoprobe Spectrometer. Chemical 

shifts are recorded in ppm (δ) in CDCl3 (internal reference set to δ 7.26 ppm). 13C NMR (126 

MHz) spectra were recorded using a Bruker Avance III QNP Cryoprobe with simultaneous 

decoupling of 1H nuclei and externally referenced to TMS set to 0 ppm. All spectra were recorded 

at 298 K. High resolution mass spectrometry (ESI-MS) were performed by Northwestern 

University’s Integrated Molecular Structure Education and Research Center. 

3.2.2 Steady State Spectroscopy  

UV−vis spectra were acquired on a Shimadzu UV-1800 spectrophotometer at room 

temperature. The samples were normalized to the greatest peak.  

3.2.3 Electrochemistry 

Electrochemical measurements were performed using a CH Instruments Model 660A 

electrochemical workstation. A single-compartment cell was used for all cyclic voltammetry 

experiments with a 1.0 mm diameter glassy carbon disk working electrode, a platinum wire counter 

electrode, a silver wire pseudoreference electrode, and 0.1 M tetrabutylammonium 

hexafluorophosphate as the supporting electrolyte in DMF. The ferrocene/ferrocenium redox 

couple (0.45 V vs SCE)79 was used as an internal standard. TBAPF6 was recrystallized twice from 

ethanol prior to use. Electrochemical cells were shielded from light during experiments. All 

solutions were continuously purged with argon before and during the cyclic voltammetry 

experiments. Py-DPA-NDI (5) and [Re(dmb)(CO)3(Py-DPA-NDI)]+PF6
- (6) were prepared in 

concentrations of 0.5 mM for cyclic voltammetry experiments. 

3.2.4 Femtosecond Transient Absorption Spectroscopy  

 



109 

 

Femtosecond transient absorption experiments were performed employing a regeneratively 

amplified Ti:sapphire laser system operating at 828 nm and a 1 kHz repetition rate as previously 

described.80-81 The output of the amplifier was frequency-doubled to 414 nm using a BBO crystal 

and that light was used to pump a laboratory-built collinear optical parametric (OPA) amplifier82 

for visible-light excitation or a commercial non-collinear optical parametric amplifier (TOPAS-

White, Light-Conversion, LLC.) for NIR excitation. Approximately 1-3 mW of the fundamental 

was focused onto a sapphire disk to generate the visible white-light probe spanning 430-850 nm, 

or into a 5 mm quartz cuvette containing a 1:1 mixture of H2O:D2O to generate a UV/visible white 

light probe spanning 385-750 nm, or onto a proprietary medium (Ultrafast Systems, LLC) to 

generate the NIR white-light probe spanning 850-1620 nm. The total instrument response function 

was 300 fs. 

Experiments were performed at a randomized pump polarization to suppress contributions 

from orientational dynamics. Spectral and kinetic data were collected with a CMOS or InGaAs 

array detector for visible and NIR detection, respectively, and a 8 ns pump-probe delay track 

(customized Helios, Ultrafast Systems, LLC). Transient spectra were averaged for at least 3 

seconds. All spectra were acquired in DMF solution. Samples had an absorbance of 0.2-0.7 at the 

excitation wavelength and were irradiated in 2 mm quartz cuvettes with 0.4-0.8 μJ/pulse focused 

to ~0.2 mm diameter spot. Samples were stirred to avoid effects of local heating or sample 

degradation. The samples were prepared in the glovebox and degassed by multiple freeze-pump-

thaw cycles prior to analysis.  
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3.2.5 Nanosecond Transient Absorption Spectroscopy 

Nanosecond transient absorption experiments were performed using the femtosecond 

excitation beam described above and a commercial spectrometer (Eos, Ultrafast Systems, LLC) 

utilizing a photonic crystal fiber ultra-broadband probe source. The pump polarization was 

randomized to suppress rotational dynamics. Samples were stirred to avoid effects of local heating 

or sample degradation.  

3.2.6 Femtosecond Transient Mid-IR Absorption Spectroscopy  

Femtosecond transient mid-IR absorption spectroscopy was performed using a commercial 

Ti:sapphire oscillator/amplifier (Solstice 3.5W, Spectra-Physics) to pump two optical parametric 

amplifiers (TOPAS-C, Light Conversion), one which provided a 100 fs, 2 µJ excitation pulse at 

705 or 605 nm  and the other which provided 100 fs probe pulses from 2150–1800 cm-1. The 

overall instrument response was 0.3 ps. The spectra were acquired with a liquid N2-cooled dual 

channel (2 x 64) MCT array detector that is coupled to a Horiba iHR320 monochromator as part 

of a Helios-IR spectrometer (Ultrafast Systems, LLC) with a 300 l/mm grating (3 cm-1 resolution). 

Samples were prepared in DMF contained in a liquid demountable cell (Harrick Scientific) with 

CaF2 windows and a 500 µm or 630 μm Teflon spacer. The sample cell was mounted on a 

motorized stage and rastered during acquisition to reduce sample degradation. 

3.2.7 Kinetic Fitting 

Singular Value Decomposition (SVD) analysis of transient absorption spectra was 

performed in MATLAB121 using home written programs. The 2-dimensional spectra was de-

convoluted by SVD to produce an orthonormal set of basis spectra which describe the wavelength 

dependence of the species and a corresponding set of orthogonal vectors which describes the time 
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dependent amplitude of the basis spectra.114 For most complexes, a species associated first order 

kinetic model122 was fit to a linear combination of the time dependent amplitude vectors and the 

same linear combination of basis spectra was used to construct the spectra for the chemical species. 

Species-associated spectra were obtained from that fit using a home-written program that has been 

described previously.123 Briefly, the kinetic analysis is based a global fit to selected single-

wavelength kinetics. Several kinetic traces at different wavelengths were chosen and fitted globally 

to a kinetic model. The MATLAB program solves the differential equations, then convolutes them 

with the instrument response function, before employing a least-squares fitting to find the 

parameters which result in matches to the same functions for all selected wavelengths. Once these 

parameters are established, they are fed directly into the differential equations, which were solved 

for the populations of the states in the model. Finally, the raw data matrix (with all the raw data) 

is deconvoluted with the populations as functions of time to produce the spectra associated with 

each species. 

3.2.8 Computational Methodology  

Geometries were optimized using density functional theory (DFT) with Q-Chem Version 

4.383 using the B3P86 functional and LANL2DZ ECP and basis set for Re-containing 

molecules,84 and the B3LYP functional and 6-31G* basis set for purely organic molecules. 

3.3 Results 

3.3.1 Synthesis 
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The synthesis of compounds Py-DPA-NDI  (5) and [Re(dmb)(CO)3(Py-DPA-NDI)]+PF6
- 

(6) are illustrated in Scheme 3.1 and detailed in the section 3.7. Re(dmb)(CO)3Br was prepared as 

previously reported.102 All syntheses were carried out under an atmosphere of N2. The full Py-

DPA-NDI ligand (5) was built by first Suzuki coupling 4-pyridine boronic acid with 1-bromo-4-

iodobenzene to form 1, which was then converted into a pinacol boronic ester by standard Miyaura 

borylation to give 2. Boronic ester 2 was then Suzuki coupled with 9,10-dibromoanthracene to 

yield 3. Compound 3 was then Suzuki coupled to 4-aminophenylboronic acid pinacol ester to form 

4. Condensation of N-(2,5-di-t-butyl)naphthalene-1,4-dicarboximide-5,8-dicarboxyanhydride120 

with 4 led to the desired ligand 5. Finally, heating Re(dmb)(CO)3Br and 5 in the presence of AgPF6 

gave complex 6. It is noted that employment of this stepwise procedure of building the ligand from 

Scheme 3.1: Synthetic scheme for Py-DPA-NDI (5) and 

[Re(dmb)(CO)3(Py-DPA-NDI)]+PF6
- (6). 
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the pyridine backbone allows for easier purification with minimal need of column 

chromatography. 

3.3.2 Electrochemistry 

Cyclic voltammetry experiments were performed on 5 and 6 in order to determine the 

reduction potentials of each compound and the free energy changes for sequential electron transfer. 

Cyclic voltammograms of ligand 5 and complex 6 are shown in Figure 3.1. Redox potentials for 

each complex are shown in Table 3.1. 

Table 3.1: Redox potentials (vs. SCE using a Fc/Fc+ reference at 0.45 V vs SCE). 

 NDI0/− NDI−/2− dmb0/− ReI/0 anth0/− 

Ligand 5 −0.51 −1.02 - - −1.86 

Complex 6 −0.51 −1.02 −1.16 −1.56 −1.86 

 

Figure 3.1: Cyclic voltammograms of 0.5 mM DMF solutions of (A) 5 and (B) 6, recorded at 

100 mV s-1 at room temperature with 0.1 M TBAPF6 as supporting electrolyte. Potentials are 

reported versus SCE (Fc/Fc+ occurs at 0.45 V vs SCE). 

A B 
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Compound 5 displays three, well-separated, reversible reduction processes. Initial 

reduction of 5 leads to the first and second reduction of the NDI component of the ligand at −0.51 

V and −1.02 V, respectively. This is in good agreement with previous work that integrates NDI 

and Re complexes.120 The third reduction at −1.86 V corresponds to the reduction of the DPA 

component of the ligand.124 

Compound 6 displays five different, well-separated reduction processes. Initial reduction 

of 6 begins similarly as with the free ligand, with the first and second reduction of the NDI portion 

of the complex occurring again at −0.51 V and −1.02 V, respectively. These reductions are 

followed by the one electron quasi-reversible reduction of the bipyridine ligand at −1.16 V, and a 

subsequent one electron irreversible reduction of the rhenium center, −1.56 V. These potentials 

and their degree of reversibility match previous reported findings.102 The final reduction at −1.86 

V corresponds to the reduction of DPA, as was seen in the free ligand. The electrochemical data 

shown in Table 3.1 reveal that the attachment of the 5 ligand to the Re center has a negligible 

effect on the reduction potentials of the ligand, indicating that the electronic communication 

between 5 and the Re(dmb)(CO)3 complex is relatively weak. 

3.3.3 Steady-State Spectroscopy 

The normalized steady-state electronic absorption spectra of 5 and 6 are shown in Figure 

3.2. The NDI absorptions dominate the spectrum of the unreduced compounds, with peaks at 381 

nm and 360 nm and a shoulder at 345 nm. These absorptions overlap strongly with those of DPA, 

which cannot easily be distinguished from those of NDI in the spectra. In complex 6, the 

Re(dmb)(CO)3 MLCT absorption band is broad and underlies the absorptions due to DPA and 

NDI in the region below 400 nm. When equimolar TDAE is added to each compound, their spectra 
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change dramatically, with the NDI−• absorptions appearing at 471 nm, 605 nm, 700 nm, and 785 

nm, while the DPA absorptions become visible at 396 nm, 376 nm, 357 nm, and 340 nm. Once 

again, in complex 6 the Re(dmb)(CO)3 MLCT band underlies the absorptions below 400 nm. 

3.3.4 Transient Absorption Spectroscopy 

To probe the intramolecular electron transfer behavior of ligand 5 and complex 6, transient 

absorption spectroscopy in the visible/NIR and mid-IR regions was performed. The fsTA spectra, 

the species-associated spectra for each decay component, and the multiple-wavelength kinetics 

and fits are shown in Figure 3.3. Excitation of NDI−• in ligand 5 at 700 nm results in instantaneous 

bleaching of the ground-state absorptions of NDI−• at 471 nm, 700 nm, and 785 nm, the appearance 

of a broad absorption spanning the region 600-780 nm, and a negative feature due to stimulated 

emission at 925 nm. These features match the transient spectrum of NDI−•* itself. Fitting of the 

visible/NIR TA data at wavelengths corresponding to the bleach, induced absorption, and 

stimulated emission features gives an *NDI− state lifetime of  = 27.3 ± 0.6 ps.  

Figure 3.2: Electronic absorption spectra of ligand 5 and complex 6 in DMF with and without 

the TDAE reductant added. 
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The NDI−* features appear to decay back to the ground state, however a better fit to the 

kinetic data is obtained by adding an intermediate component with a  = 4.7 ± 0.5 ps lifetime. The 

species-associated spectrum of this component contains the same ground state bleach features as 

Figure 3.3: Transient absorption data for ligand 5 in DMF (λ
ex

 = 700 nm). (A) Transient 

absorption spectra; (B) Species-associated spectra; (C) multiple-wavelength kinetic 

traces and fits. 

A  B C 

A  B C 

Figure 3.4: Transient absorption spectra for complex 6 in DMF (λ
ex

 = 605 nm). (A) 

Transient absorption spectra. (B) Species-associated spectra. (C) Singular value 

decomposition kinetic traces and fits to the kinetic data based on the species-associated 

fits and lifetimes shown. 
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the initial component but lacks the stimulated emission features and has strong induced absorption 

features in the range 600-900 nm. Absorption in this region is characteristic of DPA−•,125 indicating 

that the *NDI−• state is quenched by electron transfer to the appended DPA moiety, which rapidly 

undergoes back electron transfer to regenerate the ground state. Excitation of complex 6 at 605 nm 

results in initial appearance of the same bleaches, induced absorptions, and stimulated emission 

features observed for ligand 5.126 The transient absorption spectra, species-associated spectra for 

each decay component, and kinetic data with fits are shown in Figure 3.4. Fitting of the visible/NIR 

TA data using singular value decomposition gives an NDI−•* lifetime of  = 20.8 ± 0.4 ps. As the 

NDI−•* features decay, an induced absorption at 382 nm appears with the same time constant. This 

absorption corresponds to the absorption of NDI0, the product of oxidative quenching of NDI−•*. 

That feature and the NDI−•* bleach decay via a combination of first- and second-order kinetics with 

lifetimes of 43.4 ± 1.2 µs and 29.8 ± 1 M∙µs, respectively (details of the kinetic model used to fit 

the data will be discussed below). It was not possible to fit an intermediate component 

corresponding to the NDI0-DPA•−-ReI(dmb)(CO)3 state, indicating that that this intermediate is 

very short-lived.  

3.3.5 Transient mid-IR Spectroscopy 

Complex 6 was also probed in the mid-IR region, where the frequencies of the CO stretches 

in the range 1850-2100 cm−1 give a reliable indication of the ligand and electronic environment of 

the metal center.64, 102, 104, 127-128 Femtosecond transient mid-IR (fsIR) spectra and kinetic traces at 

selected energies are shown below in Figure 3.5. The ground-state absorptions at 1928 cm−1 and 

2046 cm−1 bleach with a  = 14.8 ± 0.2 ps time constant and remain bleached for the entirety of 

the 8 ns experimental window. Induced absorptions appear at 1885 cm−1 and 2020 cm−1 with the 
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same kinetics, which are shifted to lower energy by 43 and 26 cm−1, respectively, relative to the 

ground state bleaches. This shift has been previously observed by our group and many others in 

photo- and electrochemical experiments in which Re(dmb)(CO)3L complexes are reduced by one 

electron to form Re(dmb•−)(CO)3L. 43, 105-107, 120 

3.4 Discussion 

3.4.1 Design of the Triad System 

Complex 6 was designed with modular synthesis in mind, allowing for relatively easy 

modification of chromophore, primary acceptor, and metal center. As a consequence, ligand 5, 

which serves as the source of high energy photochemical reducing equivalents can be easily 

attached to any metal center that accepts a pyridyl ligand, examples of which are numerous in the 

literature. 

The individual components comprising triad 6 were chosen for the following reasons. It 

has been shown that visible light excitation of NDI−• gives its excited doublet state that is a 

powerful reductant,45, 74 and it has been shown to effectively reduce Re(bpy)(CO)3X complexes.120 

Catalysts having this architecture have been shown to reduce carbon dioxide at potentials that are 

Figure 3.5: (A) Time-resolved IR spectra and (B) global multiple-wavelength kinetic traces 

and fits for complex 6 in DMF (λex = 605 nm). 

A  B 
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lower than the reduction potential of DPA.102 This allows for exergonic electron transfer to occur 

in the sequence *NDI−• → DPA → Re catalyst, with the reverse process Re catalyst → DPA being 

strongly endergonic, ultimately facilitating formation of a long-lived reduced state on the catalyst. 

Additionally, Re(dmb)(CO)3 and DPA are reduced at potentials more negative than those of NDI. 

This way NDI can be selectively reduced using TDAE (E½ =  –0.6 V vs SCE) to NDI−• without 

reducing any other components in the complex. The choices of NDI, DPA, and Re(dmb) not only 

have favorable reduction potentials as mentioned, but have distinct spectroscopic tags in the 

visible, near-IR, and mid-IR regions that allow for the entire electron transfer process to be 

monitored.  

3.4.2 Electron Transfer Energetics 

Based on the redox potentials shown above, the Gibbs free energy for the excited-state 

electron transfer reactions of ligand 5 can be estimated using the following equation: 

∆𝐺𝐸𝑇 = (𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑) − 𝐸00 

where Eox and Ered are the oxidation and reduction potentials of the donor and acceptor 

respectively, and E00 is the energy of the *RDIn− excited state. There is no electrostatic work term 

for this reaction because the reaction is a charge shift, not a charge separation. 

The Gibbs free energy for the excited-state electron transfer reaction of complex 6 can be 

estimated using the following equation, which accounts for the electrostatic work term associated 

with bringing a negative charge closer to the positively charged Re center: 

∆𝐺𝐸𝑇 = (𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑) − 𝐸00 +
𝑒2

𝑟𝐷𝑃𝐴,𝑅𝑒𝜀𝑠
−

𝑒2

𝑟𝑁𝐷𝐼,𝑅𝑒𝜀𝑠
 

where Eox and Ered are the oxidation and reduction potentials of the donor and acceptor 

respectively, E00 is the energy of the *NDIn− excited state45, e is the elementary charge, ranth,Re and 
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rNDI,dmb are the DPA-Re and NDI-Re distances (calculated from centroid to centroid using DFT-

optimized geometries), and εs is the solvent dielectric constant. 

The Gibbs free energy for the thermal forward and back electron transfer reactions can be 

estimated using the following equation, which accounts for the change in distance between the 

negative charge and the positively charged Re center: 

∆𝐺𝐸𝑇 = (𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑) +
𝑒2

𝑟𝐴,𝑅𝑒𝜀𝑠
−

𝑒2

𝑟𝐷,𝑅𝑒𝜀𝑠
 

where rA,Re and rD,Re are the donor-Re and acceptor-Re distances (calculated from centroid to 

centroid using DFT-optimized geometries) and all other constants are identical to those in the 

previous equation. Donor-acceptor distances calculated from optimized structures are shown in 

Table 3.2 below. From the equations above, the Gibbs free energies for each electron transfer step 

are shown in Table 3.3 below. 

 

Table 3.2: Donor-acceptor distances in complex 2 calculated from the DFT-optimized 

geometries. 

Moiety distance to Re (Å) 

NDI 23.0 

anthracene 12.3 

dmb 2.8 
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3.4.3 Electron Transfer within Ligand 5 and Complex 6 

The forward and back electron transfer reactions in ligand 5 are intramolecular processes, 

and fit to a straightforward model in which the NDI−•* excited state transfers an electron to DPA 

followed by decay of DPA−• back to ground state. Because the decay of NDI0-DPA−• (τET = 4.8 

ps) is faster than its growth (τET = 27.3 ps), spectral signatures of DPA−• are not readily visible in 

the raw transient absorption data. However, fitting the data to the proposed model results in the 

two species-associated spectra in Figure 3.3, which both exhibit negative features corresponding 

to bleaches of the ground state at 471 nm, 700 nm, and 785 nm, and the first species-associated 

spectrum contains features of the *NDI−• excited state as indicated by absorptions spanning 600-

780 nm, and stimulated emission at 925 nm, while the second species-associated spectrum displays 

features attributable to DPA−• as indicated by the absorptions in the range 600-900 nm. The 

quantum yield of electron transfer to the DPA acceptor can be estimated by comparing the intrinsic 

*NDI−• excited state lifetime ( = 141 ps for NDI bearing two aryl substituents) with its lifetime in 

5, which gives an 81% quantum yield. 

 

Table 3.3: Driving force for electron transfer reactions in ligand 5 and complex 6. 

compound process ∆G (eV) 

5 NDI−•* → DPA −0.26 

5 DPA−• → NDI0 −1.34 

6 NDI−•* → DPA −0.27 

6 DPA−• → dmb −0.76 

6 DPA−• → NDI0 −1.33 

6 dmb−• → NDI0 −0.57 
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When ligand 5 is attached to a Re(dmb)(CO)3 center through its pyridine nitrogen atom, the 

electron transfer behavior changes dramatically, as shown in Figure 3.4. The decay of the *NDI−• 

features is still rapid (τ = 20.8 ps), but again no features attributable to DPA−• can be detected. The 

slight decrease in quenching time constant is likely due to the presence of the positively charged 

Re center, which increases ∆G by approximately 0.015 eV. No recovery of the ground state 

features is observed on the picosecond timescale, indicating that back electron transfer from DPA−• 

to NDI0 is not kinetically competitive with forward electron transfer from DPA−• to dmb. Since 

the presence of a charged Re center does not have a strong effect on the *NDI−• → DPA electron 

transfer rate, it is not expected to affect the DPA−• to NDI0 back electron transfer rate significantly 

either. Since the time constant for the reaction DPA−• to NDI0 in ligand 5 is observed to be  = 4.8 

ps, the DPA−• → dmb electron transfer time constant must be much shorter, although, at present, 

we are not able to determine it. 

The final charge-shifted state, as evidenced by the NDI−• ground state bleaches and NDI0 

induced absorptions in the visible, and ground state bleaches and Re(dmb•−)(CO)3L induced 

absorptions in the mid-IR, persists into the microsecond time regime. The lifetime of the final 

charge-shifted state is long enough that intermolecular interactions, in which the NDI0 of one 

molecule is reduced by the Re(dmb•−)(CO)3 moiety on a second molecule, are kinetically 

competitive with intramolecular back electron transfer. In order to correctly fit the kinetic data, a 

singular-value decomposition of the kinetic data was performed and fit to the following kinetic 

expression: 

𝑑[CT]

𝑑𝑡
= −(

1

𝜏𝐵𝐸𝑇2
[CS] +

1

𝜏𝐼𝑀
[CS]2)                            (1) 
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where [CS] represents the concentration of the charge-shifted state, τBET2 represents the 

intramolecular back electron transfer lifetime, and τIM represents the intermolecular electron 

transfer rate. Fitting the data to this expression results in the fit shown in Figure 3.4 (bottom right), 

with an intramolecular back electron transfer lifetime τBET2 = 43.3 µs.  

This lifetime represents an increase of three orders of magnitude over the similar complex 

7 previously investigated in our lab.120 Complex 7 has a much shorter NDI-dmb distance (23.2 Å 

in complex 6 vs 14.5 Å in complex 7) and lacks the intermediate DPA acceptor found in complex 

6. Both the distance and the presence or absence of an intermediate acceptor play an important role 

in electron transfer kinetics. The forward electron transfer time constant increases from  = 1.5 ps 

in complex 7 to  = 20.8 ps in complex 6, an approximate 30-fold increase. This increase is most 

likely attributable to the decreased free energy change for the excited state quenching reaction in 

complex 6, for which ∆G is only −0.27 eV, compared to −1.11 eV for complex 7. 

The increase in back electron transfer time constant from  = 29.7 ns in complex 7 to  = 

43.3 µs in complex 6 is a consequence of decreased electronic coupling as the donor-acceptor 

distance increases. Because the intermediate back electron transfer reaction Re(dmb•−)(CO)3 → 

DPA is an endergonic reaction, there is no intermediate acceptor for the back electron transfer 

reaction Re(dmb•−)(CO)3 → NDI0. As a consequence, although the free energy change for the back 

electron transfer is similar in complexes 6 and 7, the distance and therefore the lifetime of the dmb-

• is much longer for complex 6. An energy-level diagram for complex 6 is shown in Figure 3.6 

(free energy changes for each reaction are shown in Table 3.3 above). 

7  
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3.5 Conclusions 

In this report, we have described a complex consisting of a reduced NDI chromophore, a 

DPA primary electron acceptor, and Re(dmb)(CO)3 terminal electron acceptor. Upon excitation of 

the NDI–• chromophore, the terminal acceptor is reduced with a time constant of approximately 20 

ps to the Re(dmb•–)(CO)3 state, the first step in activating that metal complex towards binding and 

reducing CO2. The redox potential of the intermediate acceptor allows for rapid forward electron 

transfer to the metal center, but interposes a large barrier for back electron transfer, leading to a 

charge-shifted state that persists with a lifetime of more than 43 µs.  

Because the NDI–•-DPA moiety comprises one ligand in the complex, we propose that it is 

immediately applicable to other metal complexes that require highly reducing electrons to be 

delivered photochemically. Moreover, the architectural motif of NDI–•-DPA as a chromophore and 

primary acceptor can be generalized to other donor-acceptor systems to allow for the production 

of long-lived, highly reduced states appropriate for a variety of difficult catalytic transformations. 

Figure 3.6: Energy-level diagram for complex 6. Energies are obtained from Table 3.3. 
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For example, attachment of two such ligands to complexes requiring two electrons to carry out 

catalytic transformations, such as CO2 to CO using Re(bpy)(CO)3, should allow the catalytic CO2 

reduction mechanism to be examined one step at a time with excellent time resolution to observe 

all relevant intermediates. 
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3.7 Synthetic Details 

1.   

2.0 g (16.39 mmol) 4-pyridinylboronic acid, 6.94 g (24.59 mmol) 1-Bromo-4-iodobenzene, and 

13.9 g (131.12 mmol) Na2CO3 were combined in 300 mL THF and 100 mL DI H2O in a 500 mL 

two-necked roundbottom flask and sparged 30 minutes with N2. 0.9 g (0.8 mmol) Pd(PPh3)4 was 

added under flow of N2 and the solution sparged for an additional ten minutes, then refluxed 

overnight. The flask was cooled to room temperature, and the solvents were removed under 

reduced pressure. The remaining solid was suspended in 300 mL of DCM and poured over a silica 

plug. The product was then eluted using ethyl acetate. The solvent was evaporated under vacuum 
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to yield pure product. Yield: 0.86 g (22%). 1H NMR (500 MHz, Chloroform-d) δ 8.70 – 8.61 (m, 

2H), 7.66 – 7.59 (m, 2H), 7.54 – 7.42 (m, 4H). 

2.  

3.2 g (13.5 mmol) 1 and 4.3 g (16.9 mmol) bispinacolatoboron (B2pin2) were combined with 4.0 

g potassium acetate and 0.5 g (0.7 mmol) Pd(dppf)Cl2 in a 500 mL two-neck round bottom flask 

fitted with a condensor. 300 mL dry dioxane was added into the flask and sparged 30 minutes with 

N2. The solution was stirred at 100 °C overnight. The flask was cooled to RT and the solvent was 

under reduced pressure. The contents were suspended in 300 mL of DCM and pour over a silica 

plug. The product was eluted using ethyl acetate. The solvent was evaporated under reduced 

pressure and then sonicated in minimal pentane and gravity filtered. The solid was washed with 

cold pentane to yield pure product. Yield: 1.54 g (40%). 1H NMR (500 MHz, Chloroform-d) δ 

8.69 – 8.64 (m, 2H), 7.95 – 7.90 (m, 2H), 7.67 – 7.62 (m, 2H), 7.55 – 7.50 (m, 2H), 1.37 (s, 12H). 

3.   

1.3 g (4.6 mmol) 2, 15.54 g (46.0 mmol) 9,10-dibromoanthracene, and 3.9 g (37.0 mmol) Na2CO3 

were combined in 500 mL THF and 150 mL DI H2O in a 1 L two-necked roundbottom flask and 

sparged 30 minutes with N2. 0.3 g (0.23 mmol) Pd(PPh3)4 was added under flow of N2 and the 

solution sparged for an additional ten minutes, then refluxed overnight. The flask was cooled to 

room temperature, and the solvents were removed under reduced pressure. The contents were 

suspended in 300 mL of DCM, poured over a silica plug and washed with DCM until the excess 
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9,10-dibromoanthracene had been removed. Ethyl acetate was used to elute the product. The 

solvent was evaporated under reduced pressure and then sonicated in minimal DCM and gravity 

filtered. The product was washed with copious amounts of cold methanol to afford the pure 

product. Yield 0.8 g (43%). 1H NMR (500 MHz, Chloroform-d) δ 8.78 – 8.71 (m, 2H), 8.64 (d, J 

= 8.9 Hz, 2H), 7.91 – 7.85 (m, 2H), 7.72 – 7.65 (m, 4H), 7.65 – 7.58 (m, 2H), 7.58 – 7.52 (m, 2H), 

7.43 – 7.39 (m, 2H). 

4.   

0.8 g (2.0 mmol) 3, 0.9 g (3.9 mmol) to 4-Aminophenylboronic acid pinacol ester, and 2.2 g (15.6 

mmol) Na2CO3 were combined in 500 mL THF and 150 mL DI H2O in a 1 L two-necked 

roundbottom flask and sparged 30 minutes with N2. 0.12 g (0.10 mmol) Pd(PPh3)4 was added 

under flow of N2 and the solution sparged for an additional ten minutes, then refluxed overnight. 

The flask was cooled to room temperature, and the solvents were removed under reduced pressure. 

The contents were suspended in 300 mL of DCM and pour over a silica plug. The product was 

eluted using ethyl acetate. Ethyl acetate was removed under reduced pressure. The solid was then 

sonicated in copious amounts of MeOH and then gravity filtered. The solid remaining was then 

sonicated in minimal DCM and copious amounts of MeCN and then gravity filtered and collected. 

Yield 0.68 g (80%). 1H NMR (500 MHz, Chloroform-d) δ 8.77 – 8.73 (m, 2H), 7.93 – 7.88 (m, 

2H), 7.86 – 7.82 (m, 2H), 7.73 – 7.68 (m, 4H), 7.63 – 7.59 (m, 2H), 7.37 – 7.33 (m, 4H), 7.28 – 

7.26 (m, 2H), 6.95 – 6.92 (m, 2H), 3.87 (bs, 2H). 
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5.  

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, 4 (0.16 g, 0.427 

mmol) and DtB-NIA (0.24 g, 0.53 mmol)129 were dissolved in pyridine (50mL) and heated to 120 

°C under N2 overnight. The solution was cooled to room temperature and pyridine was removed 

in vacuo. The gooey residue was sonicated in ethanol until a solid precipitated, gravity filtered and 

collected. The solid was then dissolved in DCM and poured over silica plug. The product was 

eluted with ethyl acetate. The solvent was evaporated under reduced pressure and then sonicated 

in MeOH and filtered to afford the pure product. Yield 0.19 g (52%). 1H NMR (500 MHz, 

Chloroform-d) δ 8.96 – 8.91 (m, 4H), 8.77 – 8.75 (m, 2H), 7.94 – 7.90 (m, 2H), 7.87 – 7.84 (m, 

2H), 7.78 – 7.69 (m, 6H), 7.67 – 7.59 (m, 5H), 7.51 (dd, J = 8.6, 2.2 Hz, 1H), 7.46 – 7.39 (m, 4H), 

7.05 (d, J = 2.1 Hz, 1H), 1.35 (s, 9H), 1.30 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 163.95, 163.37, 

150.58, 148.18, 143.83, 140.25, 140.13, 137.46, 136.71, 136.33, 134.12, 132.59, 132.31, 132.11, 

131.75, 131.72, 130.02, 129.95, 129.21, 128.83, 127.68, 127.58, 127.53, 127.49, 127.25, 127.21, 

126.91, 126.76, 125.62, 125.56, 121.81, 100.13, 77.41, 77.16, 76.91, 35.75, 34.47, 31.91, 31.37, 

26.15 HRMS-ESI (m/z): calculated C59H45N3O4 [M+H]+: 860.3489, found 860.3493 

6.   
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In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

Re(dmb)(CO)3Br (14 mg, 0.03 mmol), 5 (25 mg, 0.03 mmol), AgPF6 (7.8 mg, 0.04 mmol), and 

dichloromethane (40 mL). The pressure flask was capped and brought out of the glovebox and 

heated to 80oC overnight. The solution was cooled to room temperature and filtered through celite. 

The solvent was removed under reduced pressure and then sonicated in copious amounts of 

toluene, gravity filtered and collected. The compound was then sonicated in minimal MeOH, 

gravity filtered and collected. The compound was then dissolved in minimal dichloromethane and 

layered with diethyl ether. Upon filtering, a brown solid was obtained. Yield 0.03 g (66%). 1H 

NMR (500 MHz, Methylene Chloride-d2) δ 9.02 (d, J = 5.8 Hz, 2H), 8.92 (d, J = 7.5 Hz, 2H), 8.89 

(d, J = 7.5 Hz, 2H), 8.29 – 8.21 (m, 4H), 7.85 (dd, J = 10.2, 8.0 Hz, 4H), 7.73 – 7.58 (m, 13H), 

7.57 – 7.50 (m, 1H), 7.07 (d, J = 7.5 Hz, 1H), 7.48 – 7.35 (m, 4H), 2.67 (s, 6H), 1.35 (s, 9H), 1.29 

(s, 9H). 13C NMR (126 MHz, CDCl3) δ 163.96, 163.35, 155.62, 154.93, 151.91, 151.67, 150.58, 

143.83, 142.12, 140.06, 136.53, 136.05, 134.56, 134.12, 132.68, 132.56, 132.12, 131.74, 131.71, 

129.95, 129.75, 129.47, 129.20, 128.81, 128.39, 128.16, 127.69, 127.57, 127.52, 127.47, 127.43, 

127.27, 127.21, 127.18, 126.89, 126.78, 126.65, 125.70, 125.64, 124.65, 102.11, 77.41, 77.16, 

76.91, 35.74, 34.46, 31.91, 31.36, 21.95. HRMS-ESI (m/z): calculated C74H57N5O7Re [M−PF6]
+: 

1314.3816, found 1314.3865 
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Chapter 4 Electron Transfer from Photoexcited Naphthalene 

Diimide Radical Anion to Electrocatalytically Active Re(bpy)(CO)3Cl 

in a Molecular Triad 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced in part with permission from: Martinez, J. F.; La Porte, N. T.; Wasielewski, M. R., 

Electron Transfer from Photoexcited Naphthalene Diimide Radical Anion to Electrocatalytically 

Active Re(bpy)(CO)3Cl in a Molecular Triad. Copyright: 2018, American Chemical Society. 
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4.1 Introduction 

 

In the past several decades, many research groups have focused a great deal of effort on 

harnessing solar photons to power chemical reactions for artificial photosynthesis.27, 130-136  A 

proven strategy is to synthesize supramolecular assemblies that can absorb light to produce long-

lived charge-separated states using multi-step electron transfer processes.  Natural photosynthesis 

provide the primary bio-inspiration for developing the molecular architectures necessary to 

achieve rapid charge separation as well as slow charge recombination.136-137 For example, 

absorption of solar photons by chlorophylls in the photosystem II reaction center protein complex 

from green plants and cyanobacteria results in oxidation of the P680 special pair chlorophyll dimer, 

which in turn oxidizes an adjacent tyrosine. This tyrosine functions as a redox intermediate that 

transfers oxidizing equivalents to the water splitting CaMn4 cluster from P680•+.27, 138-139 These 

naturally occurring processes demonstrate how nature effectively balances light absorption, charge 

separation, and catalysis, giving chemists a blueprint for developing artificial supramolecular 

systems, whether it be for water splitting or CO2 reduction. 

The simplest supramolecular systems for CO2 reduction consist of a chromophore appended 

to a catalyst. The photoreaction is initiated either by reductive or oxidative quenching of the excited 

chromophore followed by a series of thermal electron transfer steps leading to the final 

photoproduct.31, 135, 140 Sacrificial electron donors, such as triethylamine, triethanolamine (TEOA) 

or reduced nicotinamides, are typically employed either as primary reductive quenchers, or as 

thermal electron transfer reagents to re-reduce the oxidatively quenched chromophore.31, 141 27, 31, 

140, 142-144 Some of the most extensive studies involving the oxidative quenching mechanism have 

involved porphyrins and metalloporphyrins sensitizing Re(diimine)(CO)3 centers.43, 142, 145-149 For 

example, the Perutz group reported the system [ReI(CO)3(3-picoline)bpy-MTPP][OTf], where M 
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= Zn or Mg, OTf = trifluoromethanesulfonate, and TPP = tetraphenylporphyrin. Upon exciting the 

metalloporphyrin, the charge-separated species [ReI(CO)3(3-picoline)bpy•−-MTPP•+][OTf] is 

formed in  = 35-55 ps. When triethylamine is present in solution, the back-electron transfer 

becomes irreversible, likely because the triethylamine is bound to the metalloporphyrin in its 

ground state and therefore rapidly reductively quenches the excited porphyrin, followed by thermal 

electron transfer to the rhenium center.145 However, no CO2 reduction studies were reported on 

this persistent charge-separated species. More recently, it was demonstrated that the charge-

separated species generated upon excitation of the Zn porphyrin in the dyad [ReI(CO)3(3-

picoline)dmb-carboxyamidyl-ZnTPP][OTf] has a lifetime of 320 ps.147  CO2 reduction studies 

were conducted with this complex, but no CO was detected without the TEOA sacrificial electron 

donor. TEOA likely inhibits back electron transfer, but these systems also potentially benefit 

greatly from a secondary effect of TEOA, in that it displaces the 3-picoline, and promotes CO2 

insertion,150 ultimately allowing the complex to undergo the catalytic cycle. In addition, there is 

significant photoreaction at the porphyrin during catalysis with TEOA, complicating the 

determination of the photocatalytic mechanism.  

The majority of the efficient photocatalytic systems that have been reported for the reduction 

of CO2 in solution proceed via the reductive quenching mechanism because the excited state 

lifetimes of commonly used chromophoric metal complexes are long enough (on the order of 

hundreds of nanoseconds or microseconds) to be quenched by a sacrificial electron donor,140 

followed by thermal electron transfer from the reduced chromophore to the catalyst. Reductive 

quenching of the chromophore by a sacrificial donor shuts off the back electron transfer pathway 

and ensures that the electron remains on the catalyst until the next step in the catalytic cycle. For 
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example, Ishitani has developed systems such as RuII(dmb)3-ReI(dmb)(CO)2X2, in which the Ru-

based chromophore and Re-based catalysts are separated by an alkyl chain. This system is capable 

of producing charge-separated species, and reducing CO2 to CO.31, 53, 151-154 The role of the 

sacrificial donor in enabling catalysis is underscored by the large variation in turnover number 

(TON) of CO produced by these compounds simply by changing sacrificial electron donors.53, 152 

We have recently investigated the systems shown in Figure 4.1, where a naphthalenediimide 

radical anion (NDI) donor chromophore is appended covalently to Re(bpy)(CO)3 through either 

the bpy ligand (1) or more directly to the Re center via a pyridine ligand (2).155 The NDI fragment 

is subsequently reduced either chemically or electrochemically to the radical anion NDI•−, 

generating the active species 1– or 2–. The NDI•− chromophore absorbs at wavelengths as long as 

800 nm and has an excited state oxidation potential (–2.1 V vs SCE) that rivals or exceeds those 

of metalorganic and organometallic chromophores. Photoexcitation of NDI•− results in *NDI•−, 

which transfers an electron to the bpy ligand in CS < 2 ps regardless of attachment geometry.  

However, back-electron transfer from the bpy ligand to the chromophore is three orders of 

magnitude longer with the chromophore attached to the Re center via a pyridine ligand (CR = 29.7 

Figure 4.1. [Re(bpy–NDI)(CO)3]
+ PF6

-
 (1) and [Re(bpy)(CO)3(Py–

NDI)]+ PF6
- (2) 
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± 0.2 ns) than through the bpy (CR = 31.8 ± 0.8 ps). In a subsequent report, we described a system 

containing an intermediate acceptor linked to the metal complex through the pyridine ligand (3), 

as shown in Figure 4.2.156 By employing an intermediate acceptor, the back-electron transfer 

lifetime was lengthened to CR = 43 ± 1 μs. The lifetime of Re(bpy•−)(CO)3
 in 1– is too short to 

carry out catalysis.  While the corresponding lifetimes in 2– and 3– are most likely sufficiently long 

for catalysis, these compounds are unsuitable for that purpose because the pyridine ligand typically 

dissociates upon initial reduction of the metal complex. Indeed, dissociation at this site is crucial 

for the binding of CO2 to the metal complex.157 Nonetheless, appending the chromophore through 

bpy or pyridine leads to ultrafast quenching of *NDI•− to ultimately form Re(bpy•−)(CO)3 in the 

case of 1– and 2– or Re(dmb•−)(CO)3 in 3–. 

The incorporation of 9,10-diphenylanthracene (DPA) as an intermediate acceptor allows us to 

produce a long-lived charge-separated species while allowing efficient electron transfer.156 The –

2.1 V oxidation potential available from *NDI•− chromophore is capable of reducing DPA.45, 156 

By covalently attaching the NDI–DPA fragment to the bpy ligand on the Re center, we ensure the 

ligand cannot be displaced during catalysis. Ultimately, by using an electrode to produce the 

chromophoric NDI•− donor during bulk photoelectrolysis experiments, one can avoid the use of 

sacrificial electron donors that complicate many reaction mechanisms.158  
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In the present report, we describe the synthesis, electrochemistry, photophysics and electro-

catalysis of a molecular triad utilizing the NDI–DPA moiety covalently linked to bpy to form 

complex 4, depicted in Scheme 4.1. Cyclic voltammetry of the triad in CO2-saturated solution 

showed a 5.5-fold increase in the current at the potential corresponding to reduction of the rhenium 

center under CO2, illustrating its electrocatalytic activity. Photophysical experiments on 4– using 

transient absorption spectroscopy demonstrated that *NDI•− serves as a powerful photoreductant, 

initially reducing the DPA acceptor followed by thermal electron transfer from DPA•− to the 

Re(bpy)(CO)3 carbon dioxide reduction catalyst. By employing an intermediate acceptor whose 

reduction potential is substantially more negative than the reduction potential of the metal 

complex, forward electron transfer occurs by a series of two rapid short-distance steps, while back 

electron transfer must occur via a single long-distance step. The result is that the back-electron 

transfer lifetime is lengthened substantially to 24 ns. 

4.2 Experimental Details 

4.2.1 Materials 

Dichloromethane, acetone, CH3CN, and MeOH used for synthesis were obtained from 

Fisher Scientific and used as received. DMF used for synthesis and spectroscopic experiments was 

dried on a commercial system (GlassContour, Laguna Beach, CA). For spectroscopy, DMF was 

Figure 4.2: [Re(dmb)(CO)3(Py–DPA–NDI)]+ PF6
-
 (Complex 3) 



136 

 

further transferred under argon into a N2-filled glovebox (MBraun Unilab) for use and storage. 

Carbon dioxide (Research Grade) was obtained from Airgas and used without further purification. 

Commercially available reagents were purchased from Sigma-Aldrich or Oakwood Chemicals and 

used as received. Compounds were reduced in the glovebox using 

tetrakis(dimethylamino)ethylene (TDAE) from Tokyo Chemical Industries. Yttrium(III) 

hexafluoroacetylacetonate was obtained from Fisher Scientific. UV/Vis/NIR absorbance 

spectroscopy was performed on a Shimadzu UV-1601 spectrometer at 298 K. 

4.2.2 Electrochemistry 

Electrochemical measurements were performed using a CH Instruments Model 660A 

electrochemical workstation. A single-compartment cell was used for all cyclic voltammetry 

experiments with a 1.0 mm diameter glassy carbon disk working electrode, a platinum wire counter 

electrode, a silver wire pseudoreference electrode, and 0.1 M tetrabutylammonium 

hexafluorophosphate as the supporting electrolyte in DMF. The ferrocene/ferrocenium redox 

couple (0.45 V vs SCE)79 was used as an internal standard. TBAPF6 was recrystallized twice from 

ethanol prior to use. Electrochemical cells were shielded from light during experiments. All 

solutions were continuously purged with argon before and during the cyclic voltammetry 

experiments. Solutions of bpy–DPA–NDI (5) and Re(bpy–DPA–NDI)(CO)3Cl (4) were prepared 

in concentrations of 0.5 mM for cyclic voltammetry experiments. 

4.2.3 Femtosecond Transient Vis/NIR Absorption Spectroscopy  

Femtosecond transient absorption experiments were performed employing a regeneratively 

amplified Ti:sapphire laser system operating at 828 nm and a 1 kHz repetition rate as previously 

described.80-81 The output of the amplifier was frequency-doubled to 414 nm using a BBO crystal 
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and the 414 nm pulses were used to pump a laboratory-built collinear optical parametric (OPA) 

amplifier for visible-light excitation82, 159 or a commercial non-collinear optical parametric 

amplifier (TOPAS-White, Light-Conversion, LLC.) for NIR excitation. Approximately 1-3 mW 

of the fundamental was focused into a sapphire disk to generate the visible white-light probe 

spanning 430-850 nm, into a 5 mm quartz cuvette containing a 1:1 mixture of H2O:D2O to generate 

a UV/visible white light probe spanning 385-750 nm, or into a proprietary medium (Ultrafast 

Systems, LLC) to generate the NIR white-light probe spanning 850-1620 nm. The total instrument 

response function was 300 fs. Experiments were performed at a randomized pump polarization to 

suppress contributions from orientational dynamics. Spectral and kinetic data were collected with 

a CMOS or InGaAs array detector for visible and NIR detection, respectively, and a 8 ns pump-

probe delay track (customized Helios, Ultrafast Systems, LLC). Transient spectra were averaged 

for at least 3 seconds. Gaps in the spectra shown are due to either scattering of the pump or idler 

beam, or regions not covered by the detectors. Samples prepared in DMF had an absorbance of 

0.2-0.7 at the excitation wavelength and were irradiated in 2 mm quartz cuvettes with 0.4-0.8 

μJ/pulse focused to ~0.2 mm diameter spot. Samples were stirred to avoid effects of local heating 

or sample degradation. The samples were prepared in the glovebox and degassed by multiple 

freeze-pump-thaw cycles prior to analysis.  

4.2.4 Nanosecond Transient Absorption Spectroscopy 

Nanosecond transient absorption experiments were performed using the femtosecond 

excitation beam described above and a commercial spectrometer (Eos, Ultrafast Systems, LLC) 

utilizing a photonic crystal fiber ultra-broadband probe source. The pump polarization was 



138 

 

randomized to suppress rotational dynamics. Samples were stirred to avoid effects of local 

heating or sample degradation. 

4.2.5 Femtosecond Time-Resolved mid-IR Spectroscopy 

Femtosecond transient mid-IR absorption (fsIR) spectroscopy was performed using a 

commercial Ti:sapphire oscillator/amplifier (Solstice 3.5W, Spectra-Physics) to pump two optical 

parametric amplifiers (TOPAS-C, Light Conversion), one which provided a 100 fs, 605 nm 

excitation pulse and the other provided 100 fs pulses at 2150-1800 cm-1. The overall instrument 

response was 300 fs. The spectra were acquired with a liquid N2-cooled dual channel (2 x 64) MCT 

array detector that is coupled to a Horiba HR320 monochromator as part of a Helios-IR 

spectrometer (Ultrafast Systems, LLC). Samples with a maximum optical density of 1.5 at the 

excitation wavelength were prepared in DMF contained in a liquid demountable cell (Harrick 

Scientific) with 2.0 mm thick CaF2 windows and a 500 μm Teflon spacer. During data acquisition, 

the cell was mounted and rastered on a motorized stage to prevent sample degradation. 

4.2.6 Computational Methods 

Geometries were optimized using density functional theory (DFT) with Q-Chem Version 

4.3160 using the B3P86 functional and LANL2DZ ECP and basis set for Re-containing molecules.84 

4.2.7 Characterization  

1H NMR spectra were recorded on a Bruker Avance 500 TCI Cryoprobe Spectrometer. 

Chemical shifts are recorded in ppm (δ) in CDCl3 (internal reference set to δ 7.26 ppm). 13C NMR 

(126 MHz) spectra were recorded using a Bruker Avance III QNP Cryoprobe with simultaneous 

decoupling of 1H nuclei and externally referenced to TMS set to 0 ppm. All spectra were recorded 
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at 298 K. ESI-MS were performed by Northwestern University’s Integrated Molecular Structure 

Education and Research Center. 

4.3 Results 

4.3.1 Design and Synthesis of the Triad System 

In the context of electron transfer dynamics, the individual components comprising triad 4 

were chosen for the following reasons: it has been shown that visible light excitation of NDI•− 

gives its excited doublet state that is a powerful reductant,45 which has been shown to readily 

reduce Re(bpy)(CO)3 complexes.155-156 Catalysts having this architecture have been shown to 

reduce carbon dioxide at potentials that are lower than the reduction potential of DPA.31, 102 This 

allows for exergonic electron transfer to occur in the sequence *NDI•− → DPA →  Re(bpy), with 

the reverse process Re(bpy)•− → DPA being strongly endergonic, ultimately facilitating formation 

of a long-lived reduced state on the catalyst. Additionally, Re(bpy)(CO)3Cl and DPA are reduced 

at potentials more negative than those of NDI, allowing NDI to be selectively reduced to NDI•−  

using TDAE (E½ =  –0.5 V vs SCE) without reducing any other components in the complex. 

Finally, NDI, DPA, and Re(bpy)(CO)3Cl each have distinct spectroscopic tags in the visible, near-

IR, and mid-IR regions that allow for monitoring the entire electron transfer process. 

Compounds bpy–DPA–NDI (5) and Re(bpy–DPA–NDI)(CO)3Cl (4) were synthesized as 

illustrated in Scheme 4.1 and detailed in the 4.7. Two different routes were employed to prepare 

the building block 7. In route 1, compound 7 was synthesized by aldol condensation of 2-

acetylpyridine with 4-bromobenzaldehyde forming the hetero-diene product 11a. The conversion 

of 11a to the dihydropyran 10a was catalyzed by yttrium(III) hexafluoroacetylacetonate 

(Y(hfacac)3) with excess ethyl vinyl ether in DCM at room temperature.161 Compound 10a was 



140 

 

then heated in the presence of H2NOH·HCl to form 9a, which was then converted into a pinacol 

boronic ester by standard Miyaura borylation to give 8a.162 Boronic ester 8a was reacted with 9,10-

dibromoanthracene under Suzuki reaction conditions to yield 7. In route 2, compound 7 was 

synthesized by first coupling 9,10-dibromoanthracene with (4-formylphenyl)boronic acid under 

Suzuki reaction conditions to form 10b. Compound 10b was then converted into compound 9b via 

Scheme 4.1: Synthetic scheme for bpy–DPA–NDI (5) and Re(bpy–DPA–NDI)(CO)3Cl 

(4) 
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an aldol condensation. Conversion of 9b to the dihydropyran 8b was catalyzed by Y(hfacac)3. 

Compound 8b was then heated with H2NOH·HCl to form 7.  

Compound 7 was coupled to 4-aminophenylboronic acid pinacol ester under Suzuki conditions 

to form 6. Condensation of N-(2,5-di-t-butyl) naphthalene-1,4-dicarboximide-5,8-

dicarboxyanhydride155 with 6 gave the desired ligand 5. Finally, heating Re(CO)5Cl and 5 in the 

dark under an inert atmosphere gave complex 4.  

4.3.2 Electrochemistry 

Compound 5 displays four, well-separated, reversible reduction processes under cyclic 

voltammetry (Figure 4.3). Initial reduction of 5 leads to the first and second reduction of the NDI 

component of the ligand at –0.51 V and –1.03 V, respectively (Table 4.1). The third reduction at 

–1.90 V corresponds to the reduction of the DPA component of the ligand. These redox potentials 

are in good agreement with previous work that integrates NDI and DPA.156 The fourth reduction 

corresponds to the reduction of uncoordinated bipyridine.163  

Figure 4.3: Cyclic voltammograms of 0.5 mM DMF solutions of (A) 5 and (B) 4, 

recorded at 100 mV s-1 at room temperature with 0.1 M TBAPF6 as supporting 

electrolyte. Potentials are reported versus (Fc/Fc+ occurs at 0.45 V vs. SCE)  

A B 
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  Cyclic voltammetry on compound 4 displays five different, well-separated reduction 

processes. The initial reduction of 4 is very similar to that of the free ligand, with the first and 

second reduction of the NDI portion of the complex occurring again at –0.51 V and –1.03 V, 

respectively. These reductions are followed by the one-electron quasi-reversible reduction of the 

bpy ligand at –1.26 V, and a subsequent one-electron irreversible reduction of the Re center, –1.72 

V.164 These potentials and their degree of reversibility match previously reported findings.102, 156 

The final reduction at –1.90 V corresponds to the reduction of DPA, at an identical potential to the 

reduction of DPA in the free ligand. The identical reduction potentials for the NDI and DPA 

portions of compound 4 indicated negligible electronic coupling between those components of the 

ligand and the metal complex. The shift to a lower reduction potential of the bpy is expected upon 

coordination to the metal center.102, 155-156 

Table 4.1: Redox potentials (vs. SCE using a Fc/Fc+ reference at 0.45 V vs SCE). 

 NDI0/− NDI−/2− bpy0/− ReI/0 DPA0/− 

Ligand 5 −0.51 −1.03 -2.03 - −1.90 

Complex 4 −0.51 −1.03 −1.26 −1.72 −1.90 
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4.3.3 Electrocatalysis 

The electrocatalytic properties of 4 (0.5 mM in DMF) were studied in a single-compartment 

cell with a glassy carbon working electrode, Pt counter electrode, and a Ag/AgCl reference 

electrode (potentials were then converted to SCE). The DMF solution was sparged for fifteen 

minutes with carbon dioxide to yield a saturated solution (0.20 M).165 When the potential was 

swept negative, a large increase in current was observed upon the fourth reduction of the complex 

(Figure 4.4), while the first three reduction waves of the ligand were largely unchanged in the 

presence of CO2. Complex 4 at the fourth reduction peak showed a 5.5-fold increase in peak current 

at a scan rate of 100mV/s (Figure 4.4). The fourth reduction of complex 4 corresponds to the 

reduction of the Re center (following the reduction of bpy and the two NDI reductions) and forms 

the expected electrocatalytically active species, Re0(bpy•−–DPA–NDI)(CO)3, that can bind and 

ultimately reduce CO2.
102, 157 This mechanistic pathway for CO2 reduction is consistent with that 

Figure 4.4: Cyclic voltammograms of a 0.5 mM solution of complex 4 in 0.1 M TBAPF6 in 

DMF under argon (red), saturated with CO2 (black). Scan rate: 100 mVs-1, glassy carbon 

electrode, Ag/AgCl reference electrode, platinum wire counter electrode 
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proposed for other ReI(bpy)(CO)3 complexes.102, 157 Moreover, in the absence of added acid, CO2 

reduction catalysis with complex 4 likely proceeds in a similar fashion as other reported 

Re(bpy)(CO)3Cl catalysts to form CO, through deprotonation of the electrolyte via Hoffman 

degradation or deprotonation of the solvent that allows the complex to undergo the catalytic 

cycle.166 

4.3.4 Electron Transfer Energetics  

Based on the redox potentials shown above, the Gibbs free energy for the excited state electron 

transfer reactions of complex 4– can be estimated using the following equation:  

∆𝐺ET = (𝐸ox − 𝐸red) − 𝐸00     (1) 

where Eox and Ered are the oxidation and reduction potentials of the donor and acceptor 

respectively, and E00 is the energy of the *NDI•− excited state. There is no electrostatic work term 

for this reaction because the reaction is a charge shift, not a charge separation. In addition, there is 

no solvation correction term because the experiments are performed in the same solvent as the 

electrochemical data is obtained. The Gibbs free energy for the thermal forward and back electron 

transfer reactions can be estimated using the following equation 

∆𝐺ET = (𝐸ox − 𝐸red)     (2) 

From the equations above, the Gibbs free energies for each electron transfer step are shown in 

Table 4.2 below. 

 



145 

 

 

4.3.5 Steady-State Photophysical Characterization  

The normalized steady-state electronic absorption spectra of 4 are shown in Figure 5. In 

complex 4, the Re(bpy)(CO)3Cl MLCT absorption band is broad and underlies the absorptions due 

to DPA and NDI in the region below 400 nm. When equimolar TDAE is added to complex 4 to 

form 4–, the NDI absorptions disappear while the NDI•− absorptions appear at 471 nm, 605 nm, 

700 nm, and 785 nm,45 additionally the DPA absorptions become visible at 396 nm, 376 nm, 357 

nm, and 340 nm. Once again, in the chemically reduced complex 4–, the Re(bpy)(CO)3Cl MLCT 

band underlies the absorptions below 400 nm. 

 

Table 4.2: Free energy changes for electron transfer reactions in complex 4–. 
 

compound process ∆G (eV) 

4– *NDI•− → DPA −0.24 

4– DPA•− → Re(bpy) −0.64 

4– DPA•− → NDI0 −1.37 

4– Re(bpy•−) → NDI0 −0.73 

 

Figure 4.5: Electronic absorption spectra of complex 4 in DMF with and without the 

TDAE reductant added. 
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4.3.6 Femto/nanosecond Transient Absorption Spectroscopy 

The intramolecular electron transfer behavior of complex 4– was probed using transient 

absorption spectroscopy in the visible/NIR and mid-IR regions. The fsTA spectra, the species-

associated spectra for each decay component, and the multiple-wavelength kinetics and fits are 

shown in Figure 4.6. Excitation of complex 4– at 605 nm results in instantaneous bleaching of the 

ground-state absorptions of NDI•− at 473 nm, and the appearance of a broad absorption spanning 

the region 600–780 nm. These features match the transient spectrum of *NDI•− itself. Fitting of the 

visible/NIR TA data using singular value decomposition gives an *NDI•− lifetime of  = 14.5 ± 0.2 

ps. As the *NDI•− features decay, an induced absorption at 382 nm appears with the same time 

constant. This absorption corresponds to the absorption of NDI0, the product of oxidative 

quenching of *NDI•−. That feature and the *NDI•− bleach decay via first-order kinetics with a 

lifetime of  = 24.5 ± 0.2 ns. No spectral features attributable to the DPA radical anion125 are 

observed, indicating that the Re(bpy–DPA•−–NDI0)(CO)3Cl  state is very short-lived. Attempts to 
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fit the data using a model that contained a short-lived component corresponding to that state were 

unsuccessful, indicating that the transient population of that state is negligible.  

4.3.7 Time-resolved mid-IR Spectroscopy 

In order to unambiguously assign the species with the 24.5 ns lifetime, complex 4– was 

also probed using femtosecond transient mid-IR (fsIR) spectroscopy. In this region, the CO 

stretching frequencies of the carbonyl ligands on the Re (in the range 1850–2100 cm-1) are 
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Figure 4.6: Femtosecond (top row) and nanosecond (bottom row) transient absorption 

data for complex 4
–
 in DMF (λ = 605 nm) (A) Transient absorption spectra; (B) species-

associated spectra; (C) multiple-wavelength kinetic traces and fits. 
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diagnostic of the ligand and electronic environment.102 FsIR spectra and kinetic traces at selected 

energies are shown below in Figure 4.7. The ground-state absorptions at 1892 cm-1, 1910 cm-1, 

and 2018 cm-1 bleach with a  = 11.6 ± 0.1 ps time constant, and remain bleached for the entirety 

of the 8 ns experimental window. Induced absorptions appear at 1861 cm-1 and 1994 cm-1 with the 

same kinetics. The induced absorption at 1861 cm-1 is an overlap and shifting of the 1892 cm-1 and 

1910 cm-1 bands, while the induced absorption at 1994 cm-1 is a shift of the 2018 cm-1 band. These 

shifts have been previously observed by our group and others in photo- and electrochemical 

experiments in which Re(bpy)(CO)3L complexes are reduced by one electron to form 

Re(bpy•−)(CO)3L.102, 155-156 

4.4 Discussion 

4.4.1 Electron Transfer Dynamics 

The forward and back electron transfer reactions in complex 4– are intramolecular processes, 

beginning with the rapid decay of the *NDI•− excited state (obs = 14.5 ± 0.2 ps, corresponding to 

a rate of 1.6 × 1011 s–1). The *NDI•− excited state transfers an electron to the DPA component of 

the triad, but no features attributable to DPA•− can be detected following the decay of the *NDI•− 

excited state. Additionally, no recovery of the ground state features is observed on the picosecond 

timescale, indicating that back electron transfer from DPA•− to NDI0 is not kinetically competitive 

with forward electron transfer from DPA•− to bpy. This behavior was seen in a similar triad system 

previously investigated by us,156 where the NDI–DPA component of the triad was attached to a Re 

complex via a pyridine ligand (complex 3–) instead of a bpy ligand (complex 4–), no features 

attributable to DPA•− were seen following the formation of *NDI•−. The previous investigation of 

the Py–DPA–NDI•− ligand demonstrated that *NDI•− can be oxidatively quenched by appended 
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DPA to form DPA•−, but since the decay of NDI0–DPA•− (ET = 4.8 ps) was faster than its growth 

(ET = 27.3 ps), spectral signatures of DPA•− were not readily visible in the raw transient absorption 

data; this is likely the same in complex 4–. The quantum yield of electron transfer to the DPA 

acceptor in complex 4– can be estimated by comparing the intrinsic *NDI•− excited state lifetime 

( = 141 ps for NDI bearing two aryl substituents)155  with its lifetime in 4, which gives an 

approximately 90% quantum yield. 

The final charge-shifted state in complex 4– persists well into the nanosecond time regime, as 

evidenced by the ground state bleaches and induced absorptions in both the visible and mid-IR 

spectral regions. UV-visible spectra taken before and after the transient experiments confirm the 

photostability of 4– under irradiation. This lifetime represents an increase of three orders of 

magnitude over the analogous dyad 1 ( = 31.8 ± 0.8 ps) investigated previously by us.102, 155-156 

This dramatic increase in lifetime is most likely a result of the diminished electronic coupling 

between the donor and acceptor, which is exponentially distance dependent.  Thus, the longer NDI-

bpy distance in 4 relative to 1, 23.2 Å vs. 14.5 Å, respectively, is consistent with the much slower 

electron transfer rate observed for 4–. 

4.4.2 Comparison of Electron Transfer Dynamics to Previous Complexes 

The exponential distance dependence of the electronic coupling matrix element for electron 

transfer is once again evident when one notes that the lifetime of the charge-shifted state in 4– is 

about three orders of magnitude shorter than that of complex 3– (43 ± 1 μs) investigated previously 

by us,156 where the NDI–DPA moiety is attached to the rhenium center via a pyridine instead of a 

bpy as in complex 4–.  While the electron in the final charge separated state of both complexes 

resides on their respective bipyridine ligands (bpy for complex 4– and 4,4'-dimethyl-2,2'-bipyridine 



150 

 

(dmb) for complex 3–), complex 4– has a shorter distance between the NDI and bpy ligand in 

comparison to the distance between NDI and dmb. (20.6 Å in 4 vs. 23.2 Å in 3). Since electron 

transfer most likely occurs through the covalent bonds as is usually the case for linked donor-

acceptor systems, one must also consider the nature of the bonding that occurs between the donor 

and acceptor.  As the structures of 3 and 4 clearly show, there are large differences in the number 

and type of bonds connecting the donor and acceptor in these systems. The electron transfer 

pathways and rates for complex 4– are depicted graphically in a Jablonski diagram in Figure 4.8. 

 

4.5 Conclusions 

The data presented here clearly show that upon excitation of NDI•−, the final charge separated 

state is ReI(bpy•−–DPA–NDI0)(CO)3Cl. Earlier reports by various workers have postulated that the 

analogous 19-electron species ReI(dmb)•−(CO)3Cl could be responsible for initiating CO2 

binding.167-168 Additionally, the 17-electron species Re0(bpy)(CO)3, ReI(bpy•−)(CO)3,
104, 158, 169-170  

or alternatively, the 18-electron species Re0(bpy•−)(CO)3 are plausible nucleophiles for initiating 

CO2 binding.169  In the absence of time-resolved mid-IR spectroscopy at times longer than a few 

nanoseconds, it was not possible to determine when the chloride ion dissociates upon single 

 

Figure 4.8: Energy-level diagram for Re(bpy–DPA–NDI
•−

)(CO)3Cl
 
(4

–
) 
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electron reduction of the metal center within complex 4–. The mechanism for photocatalytic CO2 

reduction by ReI(bpy)(CO)3Cl has been studied by a variety of techniques including UV-visible 

absorption spectroscopy, cold-spray ionization spectrometry, H1 C13 NMR, mass spectrometry, 

electron spin resonance, infrared spectroscopy, ultrafast spectroscopy, but remains to be 

completely elucidated because the multiple products that form complicate the analysis.27, 104, 150, 

171-177  

In this report, we have described a complex consisting of a reduced NDI chromophore, a DPA 

primary electron acceptor, and Re(bpy)(CO)3Cl terminal electron acceptor, which under typical 

electrocatalytic conditions demonstrates electrochemical reduction of CO2 without the specific 

addition of a proton source. Having confirmed that complex 4 can activate CO2, the photophysics 

of chemically reduced complex 4– were probed using transient spectroscopy. Upon excitation of 

the NDI•− chromophore, the terminal acceptor is reduced with a time constant of approximately 15 

ps to the Re(bpy•−)(CO)3Cl state, the first step in activating that metal complex towards binding 

and reducing CO2. The redox potential of the intermediate acceptor allows for rapid forward 

electron transfer to the metal center, but interposes a large barrier for back electron transfer, leading 

to a charge-shifted state that persists with a lifetime of more than 24 nanoseconds. The quantum 

yield of the electron transfer step is approximately 90%, indicating a highly efficient process for 

the reduction of the metal center using visible light.  

This work provides several important realizations for integrating donor-acceptor assemblies 

with CO2 reduction catalysts. One important finding is that the extension of the bpy to form a triad 

does not interfere with the electrocatalytic performance of the complex. Second, by incorporating 

an appropriate intermediate acceptor not only is the lifetime of the charge separated species 

lengthened, but the 90% electron transfer quantum yield demonstrates that this design ensures that 
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most photons absorbed by the system are being utilized for the reduction of the metal center. Third, 

NDI can easily be modified so that complex 4 can be attached to an electrode surface,178 allowing 

for quick regeneration of NDI•− to inhibit back electron transfer, thereby rendering the lifetime of 

the charge-separated state sufficiently long to allow a second electron transfer from *NDI•− to the 

Re complex that can result in CO2 binding to start the catalytic cycle. These and other 

modifications are currently being pursued. 
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4.7 Synthetic Details 
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3-(4-bromo-phenyl)-1-pyridin-2-yl-propenone (11a). 2-Acetylpyridine (12.1g, 0.1mol) was 

added to 300mL of MeOH while stirring exposure to air. 40mL of 1M NaOH was added and stirred 

for 5 minutes. 4-Bromobenzaldehyde (18.5g, 0.1mol) was then added slowly, within moments a 

precipitate formed. After 1.5 hours, the reaction was removed from the stir plate, filtered, washed 

with H2O and MeOH, and the precipitate was collected (26.8g, 94%). 1H NMR (500 MHz, 

Chloroform-d) 8.71 (d, J = 5 Hz, 1H), 8.28 (d, J = 16 Hz, 1H), 8.16 (d, J = 8 Hz, 1H), 7.85 (m, 

2H), 7.56 (d, J = 8 Hz, 2H), 7.52 (d, J = 8 Hz, 2H), 7.47 (dd, J = 7, 4 Hz, 1H). 

 

2-[4-(4-bromo-phenyl)-6-ethoxy-5,6-dihydro-4H-pyran-2-yl]-pyridine (10a). 3-(4-bromo-

phenyl)-1-pyridin-2-yl-propenone (2.00g, 6.96 mmol) and 4 Å molecular sieves (2.00g, ca. equal 

to mass of hetero-diene) and ethyl vinyl ether (10 equiv) were added to a round bottom with 100mL 

of dichloromethane. Then yttrium (III) hexafluoroacetylacetonate (0.25g, 0.35mmol, 5 mol%) was 

added and then the round bottom was sealed with a rubber septum. The reaction was allowed to 

stir for 48 hours. the solvent was filtered through celite using a medium pore glass frit. The celite 

was washed with diethyl ether and the organic solvent evaporated under reduced pressure to give 

an oil. The product was then extracted using ethyl acetate and water (3x100mL). Ethyl acetate was 

removed under reduced pressure. The compound was then purified further via chromatography on 

silica gel (dichloromethane) yielding a colorless oil (2.50g, 99%).  1H NMR (500 MHz, 

Chloroform-d) 8.51 (ddd, J = 5, 2, 1 Hz, 1H), 7.63 (m, 2H), 7.35 (dd, J = 7, 2 Hz, 2H), 7.13 (m, 
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3H), 6.16 (dd, J = 3, 1 Hz, 1H), 5.21 (dd, J = 9, 2 Hz, 1H), 4.05 (dq, J = 9, 7 Hz, 1H), 3.75 (m, 

1H), 3.65 (dq, J = 9, 7 Hz, 1H), 2.30 (dd, J = 13, 7 Hz, 1H), 1.92 (m, 1H), 1.24 (t, J = 8 Hz, 1H).  

 

4-(4-bromo-phenyl)-[2,2’]bipyridinyl (9a). 2-[4-(4-bromo-phenyl)-6-ethoxy-5,6-dihydro-4H-

pyran-2-yl]-pyridine (2.50g, 6.96mmol) and H2NOH•HCl (4.83g, 69.64mmol), and acetonitrile 

(150 mL) were added to round bottom flask under air and heated to reflux. The reaction was 

allowed to stir for 12 hours and cooled to room temperature. The acetonitrile was removed under 

reduced pressure. A saturated aqueous solution of NaOH/NaCl (200mL) and dichloromethane 

(200mL) were added to the solid and the mixture stirred vigorously until all the solid dissolved. 

The product was then extracted with dichloromethane (3x100 mL), and evaporated using a rotary 

evaporator. The crude mixture was then dissolved in dichloromethane and purified via column 

chromatography on silica gel (MeOH:DCM 7%). The fractions were collected and the solvent was 

then removed using a rotary evaporator, sonicated in minimal MeOH, and filtered to yield the 

product (0.76g, 35%). 1H NMR (500 MHz, Chloroform-d) 8.72 (d, J = 5 Hz, 1H), 7.80 (d, J = 4 

Hz, 1H), 8.65 (d, J = 1 Hz, 1H), 8.46 (d, J = 8 Hz, 1H), 7.85 (td, J = 8, 2 Hz, 1H), 7.62 (m, 4H), 

7.50 (dd, J = 5, 1 Hz, 1H), 7.34 (ddd, J = 8, 5, 1 Hz, 1H). 

 

4-(4-boronicester-phenyl)-[2,2’]bipyridinyl (8a).4-(4-bromo-phenyl)-[2,2’]bipyridinyl (8.0g, 

25.8mmol), bis(pinacolato)diboron (6.52g, 25.8mmol), and potassium acetate (20.25g, 

206.4mmol) were added to dioxane (300mL) and magnetic stirrer in a two-neck round bottom 
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flask fitted with a condenser. The flask was evacuated and backfilled three times with N2. The 

flask was stirred at 100oC overnight and then cooled to room temperature. Then 200 ml of 

dichloromethane was added to the mixture and filtered through filter paper. DCM and dioxane 

were then rotovapped off and the crude mixture was then sonicated in hexanes and filtered through 

celite. The solvent was then removed under reduced pressure and the product was collected (8.3g, 

90%). 1H NMR (500 MHz, Chloroform-d) δ 8.78 – 8.63 (m, 3H), 8.45 (dt, J = 7.9, 1.1 Hz, 1H), 

7.94 (d, J = 8.1 Hz, 2H), 7.85 (td, J = 7.7, 1.8 Hz, 1H), 7.80 – 7.76 (m, 2H), 7.57 (dd, J = 5.1, 1.8 

Hz, 1H), 7.34 (ddd, J = 7.5, 4.7, 1.2 Hz, 1H), 1.38 (s, 12H). 

 

4-(9-bromoanthracene-10-phenyl)-[2,2’]bipyridinyl (7). 4-(4-boronic-ester-phenyl)-[2,2’] 

bipyridinyl (2.88g, 8.04mmol), 9,10-dibromoanthracene (13.35g, 40.0mmol), and Na2CO3 (6.8g, 

64.3mmol) were combined in 500 mL THF and 100 mL DI H2O in a 1 L two-necked round 

bottom flask and sparged 30 minutes with N2. Pd(PPh3)4 (0.93g, 0.80mmol) was added under 

flow of N2 and the solution sparged for an additional ten minutes, then refluxed overnight. The 

flask was cooled to room temperature. The mixture was then extracted using dichloromethane 

and rotovapped under reduced pressure. The contents were then suspended in 300 mL of DCM, 

poured over a silica plug and washed with DCM until the excess 9,10-dibromoanthracene had 

been removed. DCM:MeOH (75:25) was then used to elute the product. The solvent was 

evaporated under reduced pressure and then sonicated in minimal MeOH and gravity filtered. 

Then sonicated in minimal acetone and filtered. The product was collected as an off-yellow 
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solid. (0.68g, 17%) 1H NMR (500 MHz, Chloroform-d) δ 8.85 – 8.80 (m, 2H), 8.74 (dt, J = 4.5, 

1.2 Hz, 1H), 8.64 (d, J = 8.9 Hz, 2H), 8.51 (dt, J = 8.1, 1.2 Hz, 1H), 8.02 – 7.98 (m, 2H), 7.88 

(td, J = 7.7, 1.8 Hz, 1H), 7.73 – 7.68 (m, 3H), 7.62 (ddd, J = 8.9, 6.4, 1.2 Hz, 2H), 7.58 – 7.54 

(m, 2H), 7.42 (ddd, J = 8.9, 6.5, 1.1 Hz, 2H), 7.36 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H). 

 

9-bromoanthracene-10-formyl (10b). 9,10-dibromoanthracene (9.21g, 27mmol), 4-

formylphenylboronic acid (1.35g, 9mmol) were suspended in 150mL THF under N2 in a two-neck 

round bottom flask with a magnetic stir bar and a reflux condenser. Then 10mL of 2M K2CO3 was 

added with Pd(PPh3)2Cl2 (0.31g, 0.9mmol) were added and the system was purged for 15 minutes. 

The flask was stirred at 80oC overnight and then cooled to room temperature, and the solvents 

were removed under pressure. The contents were then suspended in acetone and gravity filtered. 

The solvent was evaporated under reduced pressure and the remaining solid was purified via 

column chromatography on silica, (DCM:Hexanes 1:4). (1.83g, 56%). 1H NMR (500 MHz, 

Chloroform-d) δ 10.20 (s, 1H), 8.64 (dt, J = 9.1, 1.0 Hz, 2H), 8.12 (dd, J = 7.9, 1.4 Hz, 2H), 7.64 

– 7.58 (m, 4H), 7.55 (dt, J = 8.9, 1.0 Hz, 2H), 7.40 (ddd, J = 8.8, 6.4, 1.2 Hz, 2H). 

 

3-(9-bromoanthracene-10-phenyl)-1-pyridin-2-yl-propenone (9b). 2-Acetylpyridine (0.23g, 

1.92mmol) was dissolved in MeOH (20mL) with a magnetic stir bar inside a round bottom flask 
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opened to air. 9-bromoanthracene-10-formyl (0.50g, 1.38 mmol) was suspended in DCM (20mL) 

and dioxane (20mL). 4M NaOH (10mL) was added to the solution and allowed to stir overnight 

at room temperature. 40mL of MeOH was added and the solution was gravity filtered to afford the 

product. (0.34g, 56%). 1H NMR (500 MHz, Chloroform-d) δ 8.78 (dt, J = 4.7, 1.3 Hz, 1H), 8.63 

(d, J = 8.9 Hz, 2H), 8.47 (d, J = 16.0 Hz, 1H), 8.25 (dt, J = 7.9, 1.1 Hz, 1H), 8.10 (d, J = 16.1 Hz, 

1H), 7.96 (d, J = 7.9 Hz, 2H), 7.92 (td, J = 7.7, 1.7 Hz, 1H), 7.66 (d, J = 8.8 Hz, 2H), 7.61 (ddd, J 

= 9.1, 6.5, 1.2 Hz, 2H), 7.52 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H), 7.50 – 7.46 (m, 2H), 7.40 (m, 2H). 

   

2-[4-(9-bromoanthracene-10-phenyl)-6-ethoxy-5,6-dihydro-4H-pyran-2-yl]-pyridine (8b). 3-

(9-bromoanthracene-10-phenyl)-1-pyridin-2-yl-propenone (0.36g, 0.78mmole), ethyl vinyl ether 

(0.55g, 7.66mmol), and yttrium (III) hexafluoroacetylacetonate (0.03g, 0.04mmol) were dissolved 

in 30mL of dry DCM in a round bottom flask with a magnetic stir bar. Then 4Å molecular sieves 

(0.35g) were added and the solution was capped with a rubber septum and allowed to stir for 2 

days. The solution was then filtered through celite using DCM. The solvent was removed and the 

product was used without further purification. (0.41g, 60%). 1H NMR (500 MHz, Chloroform-d) 

δ 8.60 (d, J = 8.7 Hz, 3H), 7.76 – 7.66 (m, 4H), 7.59 (ddd, J = 8.8, 6.5, 1.2 Hz, 2H), 7.52 (d, J = 

7.8 Hz, 2H), 7.41 – 7.37 (m, 2H), 7.35 – 7.32 (m, 2H), 7.24 (d, J = 7.1 Hz, 1H), 6.36 (dd, J = 3.1, 

1.1 Hz, 1H), 5.39 (s, 1H), 4.15 (s, 1H), 4.02 (ddd, J = 9.8, 6.8, 2.9 Hz, 1H), 3.77 (dt, J = 14.2, 7.1 

Hz, 1H), 2.55 (s, 1H), 2.24 (s, 1H), 1.34 (s, 3H). 
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4-(9-bromoanthracene-10-phenyl)-[2,2’]bipyridinyl (7). 2-[4-(9-bromoanthracene-10-phenyl)-

6-ethoxy-5,6-dihydro-4H-pyran-2-yl]-pyridine (0.41g, 0.76mmol) was dissolved in MeCN 

(100mL) and dioxane (50mL) in a 250mL two-necked round bottom flask. H2NOH•HCl (0.54g, 

7.66mmol) was added to the suspension and purged with N2. The solution was then heated to 

100oC overnight and cooled to room temperature. The solvents were removed under reduced 

pressure. A saturated aqueous solution of NaOH/NaCl (200mL) and dichloromethane (200mL) 

were added to the solid and stirred for 2 hours. The product was then extracted with 

dichloromethane and the solvent removed under reduced pressure. The crude mixture was then 

sonicated in MeOH and gravity filtered leaving behind the pure product. (0.25g, 68%).  1H NMR 

(500 MHz, Chloroform-d) δ 8.85 – 8.80 (m, 2H), 8.74 (dt, J = 4.5, 1.2 Hz, 1H), 8.64 (d, J = 8.9 

Hz, 2H), 8.51 (dt, J = 8.1, 1.2 Hz, 1H), 8.02 – 7.98 (m, 2H), 7.88 (td, J = 7.7, 1.8 Hz, 1H), 7.73 – 

7.68 (m, 3H), 7.62 (ddd, J = 8.9, 6.4, 1.2 Hz, 2H), 7.58 – 7.54 (m, 2H), 7.42 (ddd, J = 8.9, 6.5, 1.1 

Hz, 2H), 7.36 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H). 

 

4-(9-(aniline)anthracene-10-phenyl)-[2,2’]bipyridinyl (6). 4-(9-bromoanthracene-10-phenyl)-

[2,2’]bipyridinyl (0.68g, 1.40mmol), 4-Aminophenylboronic acid pinacol ester (0.61g, 
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2.80mmol), and Na2CO3 (1.2g, 11.2mmol) were combined in 100 mL THF and 50 mL DI H2O in 

a 250mL two-necked round bottom flask and sparged 30 minutes with N2. Pd(PPh3)4 (0.16g, 

0.14mmol) was added under flow of N2 and the solution sparged for an additional ten minutes, 

then refluxed overnight. The flask was cooled to room temperature, and the solvents were 

removed under reduced pressure. The mixture was then sonicated in copious amounts of diethyl 

ether and filtered through celite. DCM was then added afterwards to elute the product. DCM was 

removed under reduced pressure. Then the crude mixture was sonicated in copious amounts of 

methanol and then gravity filtered to yield the product. (0.49g, 70%) 1H NMR (500 MHz, 

Chloroform-d) δ 8.86 (d, J = 1.7 Hz, 1H), 8.82 (d, J = 5.0 Hz, 1H), 8.76 – 8.73 (m, 1H), 8.52 – 

8.50 (m, 1H), 8.04 – 8.01 (m, 2H), 7.91 – 7.80 (m, 3H), 7.75 – 7.70 (m, 3H), 7.66 – 7.62 (m, 

2H), 7.39 – 7.33 (m, 6H), 7.28 (s, 1H), 6.95 – 6.91 (m, 2H), 3.87 (s, 2H). 

 

4-(9-(DtB-NDI-phenyl)anthracene-10-phenyl)-[2,2’]bipyridinyl (5).In an oven dried round 

bottom flask with a magnetic stirrer and reflux condenser, 4-(9-(aniline)anthracene-10-phenyl)-

[2,2’]bipyridinyl (0.09g, 0.18mmol), and N-(2,5-di-t-butyl) naphthalene-1,4-dicarboximide-5,8-

dicarboxyanhydride (DtB-NIA) (0.11g, 0.234mmol), were dissolved in pyridine (100 mL) and 

heated to reflux under N2 overnight. The solution was cooled to room temperature and pyridine 

was removed in vacuo. The mixture was then dissolved in DCM and ran through a silica plug with 

copious of DCM until excess DtB-NIA was removed. Then the product was eluted using 

DCM:MeOH (10:1). The solution was then evaporated using a rotary evaporator. The residue was 
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sonicated in methanol, gravity filtered, and collected. The solid was then sonicated in acetone, 

gravity filtered, and collected. Yield (0.07g, 38%). 1H NMR (500 MHz, Chloroform-d) δ 8.96 – 

8.92 (m, 4H), 8.88 (d, J = 1.9 Hz, 1H), 8.83 (d, J = 5.0 Hz, 1H), 8.77 – 8.74 (m, 1H), 8.52 (dt, J = 

8.0, 1.1 Hz, 1H), 8.05 (d, J = 8.1 Hz, 2H), 7.91 – 7.85 (m, 3H), 7.78 (dd, J = 7.5, 1.9 Hz, 2H), 7.73 

(dd, J = 6.6, 4.1 Hz, 3H), 7.68 – 7.59 (m, 5H), 7.51 (dd, J = 8.6, 2.2 Hz, 1H), 7.47 – 7.40 (m, 4H), 

7.37 (ddd, J = 7.5, 4.7, 1.2 Hz, 1H), 7.05 (s, 1H), 1.35 (s, 9H), 1.30 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ 163.96, 163.37, 156.99, 156.31, 150.58, 149.99, 149.42, 149.27, 143.84, 140.18, 137.76, 

137.17, 136.88, 136.27, 134.11, 132.62, 132.38, 132.38, 132.22, 132.13, 131.75, 131.71, 130.02, 

129.98, 129.21, 128.82, 127.69, 127.59, 127.49, 127.46, 127.23, 127.17, 126.99, 126.89, 125.62, 

125.56, 124.04, 121.76, 121.44, 119.38, 35.75, 34.47, 31.92, 31.37. HRMS-ESI (m/z): calculated 

C64H48N4O4 [M + H+]+: 937.3676, found 937.3766 

 

4-(9-(DtB-NDI-phenyl)anthracene-10-phenyl)-[2,2’]bipyridinyl (4) 

(NDI-DPA-BpyRe(CO)3Cl). In the dark, and in a nitrogen filled glove box, an oven dried pressure 

flask with a magnetic stirrer was filled with compound 4-(4-bromoanthracene-phenyl)-

[2,2’]bipyridinyl (0.07g, 0.08mmol), pentacarbonylchlororhenium(I) (0.06g, 0.17mmol), and 

dichloromethane (25 mL). The pressure flask was capped, completely wrapped in aluminum foil, 

and brought out of the glovebox and heated to 80 °C overnight in the dark. The solution was cooled 

to room temperature and returned to the glovebox. Heptane was added to the mixture until the 

product precipitated out. The solution was then filtered. The solid was washed with minimal 
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acetone and collected. Yield (0.06g, 62%). 1H NMR (500 MHz, Chloroform-d) δ 9.18 (d, J = 5.7 

Hz, 1H), 9.15 (dd, J = 5.5, 1.6 Hz, 1H), 8.96 – 8.92 (m, 4H), 8.52 (d, J = 1.9 Hz, 1H), 8.39 (d, J = 

8.1 Hz, 1H), 8.17 – 8.11 (m, 1H), 8.00 – 7.96 (m, 2H), 7.89 (td, J = 5.9, 2.7 Hz, 3H), 7.77 – 7.70 

(m, 6H), 7.63 (dd, J = 8.4, 6.5 Hz, 4H), 7.51 (dd, J = 8.6, 2.2 Hz, 1H), 7.49 – 7.41 (m, 4H), 7.05 

(s, 1H), 1.35 (s, 9H), 1.30 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 163.95, 163.39, 156.25, 156.06, 

153.63, 151.67, 150.60, 143.83, 142.34, 139.97, 139.68, 139.05, 136.79, 135.85, 135.32, 134.24, 

132.96, 132.55, 132.11, 131.76, 131.73, 130.03, 129.85, 129.22, 129.12, 128.92, 128.89, 128.33, 

128.14, 127.68, 127.59, 127.52, 127.38, 127.19, 126.92, 126.60, 125.84, 125.72, 125.14, 123.24, 

121.19, 35.75, 34.47, 31.91, 31.37. HRMS-ESI (m/z): calculated C67H48ClN4O7Re [M]+: 

1242.2769, found 1242.2774, [M + NH4
+]+ 1260.3113, found 1260.3113, [M + Na+]+ 1265.2667, 

found 1265.2682. 

4.8 Supplementary Details 

4.8.1 Transient Absorption SVD/global fitting 

Processing / Fitting of Time-Resolved Optical Spectroscopy Data.  

Femtosecond Spectroscopy: Prior to kinetic analysis, the fsTA & fsIR data are 

background/scatter-subtracted and chirp-corrected, and the visible and NIR data sets are spectrally 

merged (Surface Xplorer 4, Ultrafast Systems, LLC).   

Global Analysis.  

The kinetic analysis was performed using home written programs in MATLAB 179 and was 

based on a global fit to kinetic vectors following singular value decomposition. The time-

resolution is given as w = 250 fs (full width at half maximum, FWHM); the assumption of a 
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uniform instrument response across the frequency domain and a fixed time-zero (t0) are implicit 

in global analysis. 

Singular Value Decomposition. Factoring of the two-dimensional (signal vs time & 

frequency) data set by Singular Value Decomposition (SVD) is performed as implemented in the 

MATLAB software package.179  This factoring produces an orthonormal set of basis spectra that 

describe the wavelength dependence of the species and a corresponding set of orthogonal vectors 

that describe the time-dependent amplitudes of the basis spectra.180 These kinetic vectors are then 

fit using the global analysis method described below. 

Multiple-Wavelength Global Fitting. The kinetic data from multiple different wavelength 

are fit using the global analysis described below.  Each wavelength is given an initial amplitude 

that is representative of the spectral intensity at time t0, and varied independently to fit the data. 

The time/rate constants and t0 are shared between the various kinetic data and are varied globally 

across the kinetic data in order to fit the model(s) described below.  

Species-Associated Fitting. We globally fit the dataset to a specified kinetic model and use 

the resultant populations to deconvolute the dataset and reconstruct species-associated spectra.  

1st order model: 

We use a first-order kinetic model with rate matrix K: 
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The MATLAB program numerically the solves the differential equations through matrix 

methods,181 then convolutes the solutions with a Gaussian instrument response function with width 
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w (FWHM), before employing a least-squares fitting using a Levenberg-Marquardt or Simplex 

method to find the parameters which result in matches to the kinetic data.  

Spectral Reconstruction. Once the fit parameters are established, they are fed directly into the 

differential equations, which were solved for the populations of the states in model—i.e., A(t) and 

B(t). Finally, the raw data matrix (with all the raw data) is deconvoluted with the populations as 

functions of time to produce the spectra associated with each species. 
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Chapter 5 Substituent Location Dependence of Photoinduced 

Electron Transfer Lifetimes to Re(bpy)(CO)3X from a Naphthalene 

Diimide Radical Anion Donor: Effects of Electronic Coupling and 

Gibbs Free Energy 
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5.1 Introduction 

 

Natural photosynthesis utilizes solar photons to initiate and drive the conversion of solar 

energy into chemical energy. Many research groups have focused a great deal of time into 

understanding, mimicking, and improving upon the natural photosynthetic pathways, giving rise 

to artificial photosynthesis. One of the most critical components of natural photosynthesis that is 

replicated in artificial photosynthesis are photoinduced electron-transfer (ET) reactions. These 

photoinitiated processes are needed to produce charge-separated (CS) states that carry out redox 

processes important to bond formation reactions.182-183 Precise control of the rates of formation 

and decay of charge separated species in these supramolecular artificial photosynthesis systems is 

important to maximize the utility of photogenerated CS states.  

 Natural photosynthesis provides the primary bioinspiration for developing the molecular 

architectures necessary to achieve rapid charge separation as well as slow charge recombination. 

For example, absorption of solar photons by chlorophylls in the photosystem II reaction center 

protein complex in green plants results in oxidation of the P680 special pair chlorophyll dimer, 

which in turn oxidizes an adjacent tyrosine. This tyrosine functions as a redox intermediate that 

transfers oxidizing equivalents to the water splitting CaMn4 cluster from P680•+.13-14 These 

naturally occurring processes demonstrate the importance of balancing energetics, distances, and 

electronic coupling in order to produce CS species to conduct catalysis, whether it be for CO2 

reduction or water splitting. Quite often the rate for electron transfer for these CS states in donor 

acceptor systems that mimic nature can be modelled by the Marcus equation: 

𝑘𝐸𝑇,   𝑀𝑎𝑟𝑐𝑢𝑠 = 
2𝜋|𝐻𝑖𝑓|

2

ћ√4πλ𝑘𝐵𝑇
exp (−

(∆𝐺°+ 𝜆)
2

4𝜆𝑘𝐵𝑇
)                           (1) 
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where ∆G° is the standard free energy change for the ET reaction, λ is the reorganization energy, 

Hif is the electronic coupling between the donor and acceptor, T is the temperature and kb is 

Boltzmann’s constant. 

 As the rising concentration of CO2 in the atmosphere continues to plague us with global 

warming issues, one approach to mitigate its effects is to utilize the solar spectrum to transform 

carbon dioxide into fuel, much like how plants utilize sunlight to transform CO2 into glucose.13 

One of the most utilized transition metal complexes for homogenous catalytic transformation of 

CO2 is fac-Re(bpy)(CO)3X (bpy = 2,2′-bipyridine), where X can range from a wide variety of 

monodentate coordinating ligands.31, 63, 65 The photocatalytic ability of rhenium polypyridyl 

complexes for CO2 photoreduction was first studied in the 1980’s by Lehn, Ziessel, and Hawecker 

where they were able to demonstrate that the complex reduces CO2 with high efficiency and high 

selectivity towards formation of CO.184 Because of the high product selectivity and high CO2 

reduction efficiency of these complexes, researchers have explored different avenues to improve 

their catalytic rate and stability. To improve photo- and electro- catalytic performance, researchers 

turned to tuning the steric hindrance and redox potentials of the complex through substitution on 

the bipyridine, most commonly at the 4 position,22, 63, 104 less commonly at the 5 position,185-186 and 

rarely at the 6 position. Modification of the X ligand has also been pursued. As Kubiak 

demonstrated by studying a plethora of substituents at the 4,4′ bipyridine position as well as by 

changing the X ligand, Re(4,4′-R-bpy)(CO)3X (R = OCH3, CH3, tBu, H, CN, CF3; X = Cl, Br, 

Py(OTf), or CH3CN(OTf), OTF = trifluoromethanesulfonate), substituents on the 4,4′ position of 

the bipyridine ring alter the first redox potential of archetypal Re(4,4′-R-bpy)(CO)3X complexes 

while changing the X ligand affects both  first and second redox potentials.63 Whereas the electron-

donating ability of the 4,4′ substituent determined  the first redox potential and stability of the 
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corresponding catalyst,63 complexes who had the same 4,4′ substituents, but different X ligands 

reported the same electrocatalytic ability towards CO2 reduction. With regards to photocatalytic 

CO2 reduction activity, Ishitani illustrated that while maintaining the 4,4′ substituent constant and 

by changing the X ligand through a series of different coordinating phosphine ligands made the 

first reduction of Re(bpy)(CO)3X more difficult, which in turn resulted in better photocatalytic 

CO2 reduction activity.31 

As demonstrated, different substituents on the bipyridine ring and different coordinating 

ligands have effects on the redox potentials and stability of Re(bpy)(CO)3X, which in turn have 

different effects on photo- and electrocatalysis of CO2. We therefore sought to see how the 

different position of a photosensitizer  around a bipyridine ligand in conjunction with a different 

X ligand could improve the charge separation lifetimes as the lifetimes and energetics of charge 

separated species are intrinsically related to photocatalytic CO2 reduction performances.187-188 To 

the best of our knowledge, no systematic study has been conducted on photoinduced electron 

transfer reactions from a chromophore to Re(bpy)(CO)3X through the 4, 5, and 6 positions of 

bipyridine.  

Bipyridine substituted at the 4 position is by far the most commonly studied location for a 

chromophore. Ishitani developed supramolecular Re(bpy)(CO)3X systems by covalently attaching 

Ru-based chromophores to Re(bpy)-based catalysts at the 4-bipyridine position to form 

RuII(dmb)3-ReI(dmb)(CO)2L1L2.
31 The perutz group developed metalloporphyrins that link 

through the 4-position on bipyridine to form [ReI(CO)3(3-picoline)-4-bpy-MTPP][OTf], where M 

= Zn or Mg, OTF, and TPP = tetraphenylporphyrin.43 Recently, quarterpyridine (qpy), which can 

be viewed as two bipyridines linked to one another via the 5-position on bipyridine, was utilized 

as a binding ligand to form the [(bpy)2RuII]-[qpy]-[Re(CO)3Cl] dinuclear complexes.186 Electron 
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transfer to Re(bpy)(CO)3X via the 6- position of bipyridine is rare, and no direct electron transfer 

through a bridge has been demonstrated. Instead, Gray and Grubbs demonstrated that by linking 

phenothiazine (PTZ) via a tris(meta-phenylene-ethynylene) bridge to form Re(PTZ-Tris(Meta-

Phenylene-Ethynylene)-6-bpy)(CO)3Py, had a 20 Å distance through space between the PTZ and 

Re(bpy)(CO)3Py. This complex was capable of folding in on itself to form a structural conformer 

that brought the PTZ donor within 7 Å of the Re(bpy)(CO)3Py which could undergo through-space 

electron transfer when the MLCT of Re was excited with a  400 nm laser pulse and subsequently 

quenched by the PTZ donor.189 

In light of these scattered examples of electron transfer to Re(bpy)(CO)3X through the 4, 

5, 6-positions of bipyridine in Re(bpy)(CO)3X complexes, we started to systematically investigate 

the electron transfer rates from chromophores to Re(bpy)(CO)3X, a key component for the 

development of artificial photosystems where the CS states are generated via photoreduction 

processes. We recently demonstrated the utility of napthelenediimide (NDI) and peryelenediimide 

(PDI) radical anions as chromophores bound through the 4-position of bipyridine in 

[Re(bpy)(CO)3Py][PF6]
 complexes.190 NDI•− and PDI•− are all-organic super-reductant 

chromophores formed through mild reduction using TDAE or with a platinum electrode, with an 

excited-state oxidation potential of -2.1 V vs SCE, exceeding that of currently utilized 

metalorganics and organometallic chromophores. These chromophores offer several other 

advantageous properties as well: their absorption spectra span the entire visible region and extend 

into the near-infrared region; they can be easily coupled using well-developed synthetic techniques 

to many organic and organometallic electron acceptors; and their extremely negative excited-state 

oxidation potentials make them able to reduce extremely thermodynamically demanding substrates 
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like Re(bpy)(CO)3X and successive intermediates in its catalytic cycle. As shown in Figure 5.1, 

our previous work demonstrated that attaching NDI to the 4-position of bipyridine with a phenyl 

spacer to form [Re(4-bpy-NDI)(CO)3Py][PF6] and photoexciting the chemically generated NDI•− 

leads to charge separation from *NDI•− to [Re(bpy)(CO)3Py][PF6] with a charge separated time 

constant of 𝜏CS =  0.4 ±  0.3 ps to form [Re(bpy•−)(CO)3Py][PF6], with charge recombination 

back to the ground state occurring with a lifetime of 𝜏𝐶𝑅 =  31.8 ±  0.8 ps. By including an 

intermediate acceptor between the NDI•− and Re(bpy)(CO)3X, the lifetime of the charge-separated 

state was extended further. This was accomplished by coupling NDI to diphenylanthracene (DPA) 

which in turn was coupled to the bipyridine. Transient absorption experiments showed that upon 

excitation of the NDI•–, Re(4-bpy•−-DPA-NDI)(CO)3Cl had a lifetime of the charge-separated state 

of τCR = 24.5 ± 0.2 ns. Given these results, we sought to extend charge separation lifetimes in 

Figure 5.1: Photoinduced Electron transfer from NDI
•−

 to Re(bpy)(CO)
3 

via various 

attachment motifs and distances. 
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Re(bpy•−-NDI)(CO)3X  complexes through investigation of different substitution locations on 

bipyridine. We also sought to explore the influence of the X ligand, given that these substitutions 

both affect the photo- and electrocatalytic properties of Re(bpy)(CO)3X  complexes. These results 

can be extended to understand and improve CS states formed during photocatalysis of 

Re(bpy)(CO)3X supramolecular structures. Outside the scope of Re(bpy)(CO)3X, bipyridine is one 

of the most widely used ligands, illustration of the effect of substituent position on charge 

separation and recombination rates will impact rational design of donor-acceptor complexes 

employing bipyridine ligands. 

In the present report, we describe the synthesis, electrochemistry, time-resolved 

UV/Vis/Near-IR/Mid-IR spectroscopy, and calculated electronic coupling of molecular dyads with 

NDI covalently attached through a phenyl bridge to the 4, 5, and 6 positions of bipyridine to form 

Re(bpy-Ph-NDI)(CO)3X (Re(bpy-NDI)(CO)3X) complexes, depicted in Scheme 5.1. Chemical 

reduction of Re(bpy-NDI)(CO)3X with tetrakis(dimethylamino)ethylene (TDAE) leads to the 

selective reduction of the NDI component45, 74, 190 to form Re(bpy-NDI•−)(CO)3X (1•−-6•−). 

Transient absorption spectroscopy on complexes 1•−-6•− proceed with similar spectral features but 

with different kinetics. Selective excitation of NDI•− at 605 nm first yields the excited state *NDI•− 

which undergoes oxidative quenching to transfer an electron to Re(bpy)(CO)3X, leading to the 

formation of Re(bpy•−)(CO)3X. Forward electron transfer (τ𝐹𝐸𝑇 ) occurs in approximately one 

picosecond while back electron transfer (τ𝐵𝐸𝑇 )  occurs in tens of picoseconds, with the trend 

𝜏𝐵𝐸𝑇3 > 𝜏𝐵𝐸𝑇2 > 𝜏𝐵𝐸𝑇1 and 𝜏𝐵𝐸𝑇6 > 𝜏𝐵𝐸𝑇5 > 𝜏𝐵𝐸𝑇4. Charge separation lifetimes in the analogous 

cationic complexes demonstrate that by when the substituent location of NDI•−-Ph fragment is kept 

constant, ∆𝐺BET dictates the 𝜏𝐵𝐸𝑇, resulting in pyridine substituted complexes with longer 𝜏𝐵𝐸𝑇  
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than their neutral counterparts: 𝜏𝐵𝐸𝑇6 > 𝜏𝐵𝐸𝑇3, 𝜏𝐵𝐸𝑇5 > 𝜏𝐵𝐸𝑇2, and 𝜏𝐵𝐸𝑇4 > 𝜏𝐵𝐸𝑇1. Instead, by 

changing the substituent location of NDI•−-Ph around bipyridine but keeping same X ligand, ∆𝐺BET 

does not dictate the 𝜏𝐵𝐸𝑇  but instead the electronic couplings (|𝐻𝑖𝑓(𝜑)| ).  

Electronic couplings |𝐻𝑖𝑓(𝜑)| were computed for the back-ET reaction 

[Re(bpy)(CO)3X
•−][NDI] → [Re(bpy)(CO)3X][NDI

•−] which illustrated that |𝐻𝑖𝑓
𝐵 | decreases as 

the NDI•−-Ph moves from the 4 to the 5 to the 6 positions of bipyridine with the trend 𝐻1 > 𝐻2 >

𝐻3 and 𝐻4 > 𝐻5 > 𝐻6. These results correlate with the observed trends in the lifetimes of the 

respective charge separated species. Thus, electronic coupling |𝐻𝑖𝑓
𝐵 | between the NDI•−-Ph 

substituent and Re(bpy)(CO)3Cl at the 4, 5, and 6 position of bipyridine is the key factor governing 

the rate of electron transfer. 

5.2 Experimental Details 

5.2.1 Materials.  

Dichloromethane, acetone, acetonitrile, and methanol used for synthesis were obtained 

from Fisher Scientific and used as received. Dimethylformamide (DMF) used for synthesis and 

spectroscopic experiments was dried on a commercial system (GlassContour, Laguna Beach, CA). 

For spectroscopy, DMF was further transferred under argon into a N2-filled glovebox (MBraun 

Unilab) for use and storage. Commercially available reagents were purchased from Sigma-Aldrich 

or Oakwood Chemicals and used as received. Compounds were reduced in the glovebox using 

tetrakisdiaminoethylene (TDAE) from Tokyo Chemical Industries. UV/Vis/NIR absorbance 

spectroscopy was performed on a Shimadzu UV-1601 spectrometer at 298 K. 
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5.2.2 Electrochemistry.  

Electrochemical measurements were performed using a CH Instruments Model 660A 

electrochemical workstation. A single-compartment cell was used for all cyclic voltammetry 

experiments with a 1.0 mm diameter glassy carbon disk working electrode, a platinum wire counter 

electrode, a silver wire pseudoreference electrode, and 0.1 M tetrabutylammonium 

hexafluorophosphate as the supporting electrolyte in DMF. The ferrocene/ferrocenium redox 

couple (0.45 V vs SCE)79 was used as an internal standard. TBAPF6 was recrystallized twice from 

ethanol prior to use. Electrochemical cells were shielded from light during experiments. All 

solutions were continuously purged with argon before and during the cyclic voltammetry 

experiments. Solutions of rhenium complexes were prepared in concentrations of 0.5 mM for 

cyclic voltammetry experiments.  

5.2.3 Femtosecond Transient Vis/NIR Absorption Spectroscopy.  

Femtosecond transient absorption experiments were performed employing a regeneratively 

amplified Ti:sapphire laser system operating at 828 nm and a 1 kHz repetition rate as previously 

described.80-81 The output of the amplifier was frequency-doubled to 414 nm using a BBO crystal 

and that light was used to pump a laboratory-built collinear optical parametric (OPA) amplifier for 

visible-light excitation159 or a commercial non-collinear optical parametric amplifier (TOPAS-

White, Light-Conversion, LLC.) for NIR excitation. Approximately 1-3 mW of the fundamental 

was focused onto a sapphire disk to generate the visible white-light probe spanning 430-850 nm, 

onto a 5 mm quartz cuvette containing a 1:1 mixture of H2O:D2O to generate a UV/visible white 

light probe spanning 385-750 nm, or onto a proprietary medium (Ultrafast Systems, LLC) to 

generate the NIR white-light probe spanning 850-1620 nm. The total instrument response function 
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was 300 fs. Experiments were performed at a randomized pump polarization to suppress 

contributions from orientational dynamics. Spectral and kinetic data were collected with a CMOS 

or InGaAs array detector for visible and NIR detection, respectively, and a 8 ns pump-probe delay 

track (customized Helios, Ultrafast Systems, LLC). Transient spectra were averaged for at least 3 

seconds. Gaps in the spectra shown are due to either scattering of the pump or idler beam, or 

regions not covered by the detectors. Samples prepared in DMF had an absorbance of 0.2-0.7 at 

the excitation wavelength and were irradiated in 2 mm quartz cuvettes with 0.4-0.8 μJ/pulse 

focused to ~0.2 mm diameter spot. Samples were stirred to avoid effects of local heating or sample 

degradation. The samples were prepared in the glovebox and degassed by multiple freeze-pump-

thaw cycles prior to analysis.  

5.2.4 Nanosecond transient absorption spectroscopy.  

Nanosecond transient absorption experiments were performed using the femtosecond 

excitation beam described above and a commercial spectrometer (Eos, Ultrafast Systems, LLC) 

utilizing a photonic crystal fiber ultra-broadband probe source. The pump polarization was 

randomized to suppress rotational dynamics. Samples were stirred to avoid effects of local 

heating or sample degradation.  

5.2.5 Femtosecond time-resolved mid-IR spectroscopy.  

Femtosecond transient mid-IR absorption (fsIR) spectroscopy was performed using a 

commercial Ti:sapphire oscillator/amplifier (Solstice 3.5W, Spectra-Physics) to pump two optical 

parametric amplifiers (TOPAS-C, Light Conversion), one which provided a 100 fs, 605 nm 

excitation pulse and the other provided 100 fs pulses at 2150-1800 cm-1. The overall instrument 

response was 300 fs. The spectra were acquired with a liquid N2-cooled dual channel (2 x 64) MCT 
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array detector that is coupled to a Horiba HR320 monochromator as part of a Helios-IR 

spectrometer (Ultrafast Systems, LLC). Samples with a maximum optical density of 1.5 at the 

excitation wavelength were prepared in DMF contained in a liquid demountable cell (Harrick 

Scientific) with 2.0 mm thick CaF2 windows and a 500 μm Teflon spacer. During data acquisition, 

the cell was mounted and rastered on a motorized stage to prevent sample degradation. 

5.2.6 Computational methods.  

DFT calculations were performed using a combination of Gaussian 09 and QChem 5.0. 

Geometry optimizations and TDDFT calculations were performed at B3LYP/6-31G+(d) level of 

theory in the presence of polarizable continuum DMF solvent implemented using the C-PCM 

solvation model in Gaussian 09. A double zeta effective core potential basis (LANL2DZ) was used 

for the Re atom in all the above-mentioned calculations. To reduce computational cost the t-butyl 

groups were replaced by methyl groups, since the t-butyl substituent does not affect the 

spectroscopic properties of such complexes. To consider thermal fluctuations, multiple 

configurations were obtained by performing constrained optimizations keeping a dihedral 𝜑 

between the NDI and Re(bpy)(CO)3X
•− parts of the complexes fixed at different values in 

increments of 30o. The constrained optimizations were done in Gaussian 09 at B3LYP/Def2SVP 

level of theory in a SMD dielectric continuum of DMF. Electronic couplings |𝐻𝑖𝑓(𝜑)| were 

computed using the direct diabatic-state method implemented in QChem 5.0 at HF/Def2TZVP 

level of theory. A C-PCM dielectric continuum solvent model of DMF was used in all the coupling 

calculations. 
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5.3 Results 

5.3.1 Synthesis 

Complexes 1 (Re(4-bpy-NDI)(CO)3Cl), 2 (Re(5-bpy-NDI)(CO)3Cl), 3 (Re(6-bpy-

NDI)(CO)3Cl) and 4 ([Re(4-bpy-NDI)(CO)3Py][PF6]), 5 ([Re(5-bpy-NDI)(CO)3Py][PF6]), 6 

([Re(6-bpy-NDI)(CO)3Py][PF6]) were prepared as illustrated in Scheme 5.1 and detailed in 5.7. 

The NDI-Ph-Bpin191 was Suzuki coupled192 with the corresponding 4-, 5-, or 6-bromo-2,2′-

bipyridine to form the corresponding 4-, 5-, or 6-phenyl-NDI-2,2′-bipyridine. Each ligand was 

then refluxed in dry dichloromethane under nitrogen with pentacarbonylchlororhenium(I) to form 

1, 2, and 3, respectively. Complexes 1, 2, and 3, were then heated to 80oC in pyridine with silver 

hexafluorophosphate to yield their respective pyridine complexes, 4, 5, and 6. 

 

Model complexes 7, 8, and 9 were synthesized as illustrated in Scheme 5.2 and detailed in 5.7. 

The corresponding 4-, 5-, or 6- bromo-2,2′-bipyridine was Suzuki coupled with phenylboronic 

acid. Each ligand was then refluxed in dry dichloromethane under nitrogen with 

pentacarbonylchlororhenium(I) to form 7, 8, and 9, respectively. 

Scheme 5.1: Synthetic scheme for Re(4-, 5-, 6-(bpy-NDI)(CO)
3
Cl (1, 2, 3) and 

[Re(4-, 5-, 6-bpy-NDI)(CO)
3
Py][PF

6
]

 
(4, 5, 6) 
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5.3.2 Electrochemistry 

Cyclic voltammetry experiments were conducted on complexes 1-6 to measure the effect 

of including a NDI-phenyl substituent on the redox potentials as well to estimate the Gibbs free 

energy of photoinduced electron transfer from NDI to the corresponding bound rhenium complex 

shown in Figure 5.2. The redox potentials are tabulated in Table 5.1 and Table 5.2. Cyclic 

voltammetry experiments were conducted on complexes 7-9 to understand the influence of solely 

the phenyl substituent on the redox properties of each rhenium complex. Cyclic voltammetry redox 

Scheme 5.2: Synthetic scheme for Re(4-, 5-, 6-Ph-bpy)(CO)
3
Cl  (7, 8, 9) 

Figure 5.2: Cyclic voltammograms of 0.5 mM DMF solutions of complexes 1-3 (A), 4-6 (B), 

and 7-9 (C), recorded at 100 mVs-1 at room temperature with 0.1 M TBAPF6 as supporting 

electrolyte. Potentials are reported versus (Fc/Fc+ occurs at 0.45 V vs SCE in DMF). 
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potentials for each complex are shown in Figure 5.2. The redox potentials are tabulated in Table 

5.3.  

For complexes 1-3, where the rhenium complex has a bound chloride ligand, the 

voltammogram first displays two reductions near –0.51 V and –1.01 V. These reversible  processes 

are the formation of the radical anion of NDI (NDI•−) and the dianion of NDI (NDI2−). These 

reductions are followed by the one electron reduction of the bipyridine ligand (bpy•−) between –

1.25 V and –1.36 V. A subsequent one electron irreversible reduction of the rhenium center follows 

Re-ClI/0, coinciding with the loss of the chloride ligand. For complexes 1 and 2 the reduction of 

the rhenium center occurs at –1.77 V while in complex 3 this reduction occurs at –2.01 V, a 240mV 

difference.  

Table 5.1: Redox potentials of complexes 1-3 vs SCE (Fc/Fc+ reference at 0.45 V vs SCE in DMF) 
Complex # NDI0/− NDI−/2− bpy0/− Re-ClI/0 

Complex 1 −0.51 −1.02 −1.34 −1.77 

Complex 2 

Complex 3 

−0.50 

-0.52 

−1.01 

−1.01 

−1.29 

−1.39 

−1.77 

−2.01 

 

For complexes 4-6, where the rhenium complex has a bound pyridine ligand and is 

positively charged, the voltammogram first displays two reductions near –0.50 V and –1.01 V. 

These reversible reduction processes correspond to the formation of NDI•− and NDI2−, 

respectively. These reductions are followed by the one electron reduction of the bipyridine ligand 

between –1.08 V and –1.15 V. A subsequent one electron irreversible reduction of the rhenium 

center follows. For complexes 4 and 5 this reduction occurs at –1.45 V and –1.52 V. respectively, 

while in complex 6 this reduction occurs at –1.67 V.  
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Table 5.2: Redox potentials of complexes 4-6 vs SCE (Fc/Fc+ reference at 0.45 V vs SCE in DMF) 
Complex # NDI0/− NDI−/2− bpy0/− Re-pyI/0 

Complex 4 −0.49 −1.00 −1.08 −1.47 

Complex 5 

Complex 6 

−0.50 

-0.52 

−1.01 

−1.03 

−1.10 

−1.15 

−1.52 

−1.67 

 

Complexes 7-10 display two reduction peaks, the first reduction corresponds to the 

reduction of the coordinated bipyridine (bpy•−) while the second reduction corresponds to 

reduction of the rhenium center (Re-ClI/0), coinciding with the loss of the chloride ligand. On the 

reverse scan, there is a small anodic peak that appears in each complex that is slightly more positive 

than the bpy0/− anodic wave. This anodic wave represents the reoxidation of the radicals 

[Re(R−bpy0/−)(CO)3(DMF)]; formed by the labile radical anions by dissociation of Cl− from their 

respective complex and rapid coordination of the solvent ligand.65  

Table 5.3. Redox potentials of complexes 7-10 vs SCE (Fc/Fc+ reference at 0.45 V vs SCE in 

DMF) 

Complex # bpy0/− Re-ClI/0 

Complex 7 −1.31 −1.75 

Complex 8 

Complex 9 

Complex 10 

−1.27 

−1.40 

−1.35 

−1.74 

−1.86 

−1.80 
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5.3.3 Electron Transfer Energetics 

Based on the redox potentials shown above, the Gibbs free energy for the excited state 

electron transfer reactions of complex 1•− - 6•− can be estimated using the following equation:  

∆𝐺ET =  𝐸(NDI•−/NDI)  − 𝐸(A•−/A) − 𝐸D1(
∗NDI•−)  (2) 

where E(NDI•−/NDI) is the reduction potential of NDI and E(A•−/A)  is the reduction potential  of 

the complex of interest, and ED1 is the energy of the *NDI•− excited state, assuming electron transfer 

occurs from the D1 state. The D1 ← D0 transition of NDI•−  absorbs at 785 nm, making ED1 = 1.58 

eV. There is no electrostatic work term for this reaction because the reaction is a charge shift, not 

a charge separation. In addition, there is no solvation correction term because the FsTA and 

electrochemical experiments are performed in the same high polarity solvent. The Gibbs free 

energy for the thermal forward and back electron transfer reactions can be estimated using the 

following equation: 

∆𝐺ET =  𝐸(A•−/A) −   𝐸(NDI•−/NDI)  (3) 

From the equations above, the Gibbs free energies for each electron transfer step are shown in 

Table 5.4 below. 
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5.3.4 Steady-State Spectroscopy 

Complexes 1-6 all exhibit very similar steady-state spectroscopic features in both the 

UV/Vis/NIR and mid-IR regions. Representative steady-state spectra for complex 3 are shown in 

Figure 5.3, and the full set of spectra are given in Figures 5.18-5.29. 

 

Table 5.4: Free energy changes for electron transfer reactions in complex 1•−- 6•−. 

compound process ∆G (eV) 

1•− *NDI•− → Re(4-bpy)Cl −0.78 

2•− *NDI•− → Re(5-bpy)Cl −0.82 

3•− 
*NDI•− → Re(6-bpy)Cl −0.69 

4•− 

5•− 
*NDI•− → Re(4-bpy)Py 

*NDI•− → Re(5-bpy)Py 

−0.45 

−0.50 

6•− *NDI•− → Re(6-bpy)Py −0.52 

1•− Re(4-bpy•−)Cl → NDI0 −0.83 

2•− Re(5-bpy•−)Cl → NDI0 −0.79 

3•− 

4•− 

5•− 

Re(6-bpy•−)Cl → NDI0 

Re(4-bpy•−)Py → NDI0 

Re(5-bpy•−)Py→ NDI0 

−0.92 

−0.63 

−0.60 

6•− Re(6-bpy•−)Py → NDI0 −0.63 
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Figure 5.3: UV/Visible/NIR (left) and mid-IR (right) steady-state spectra of 3 in DMF 

without (black) and with excess TDAE (red). The mid-IR spectrum is identical in the 

presence or absence of TDAE. 



181 

 

Before reduction by TDAE, the electronic absorption spectra exhibit the strong narrow 

absorbance bands characteristic of neutral NDI at 381 nm and 361 nm.45 Underneath these 

absorbances and tailing into the visible region is the broad MLCT absorbance of the 

Re(bpy)(CO)3L fragment, which peaks in the 340–360 nm region depending on the complex. In 

general, Cl-substituted complexes 1-3 have MLCT bands whose peaks are redder than the Py-

substituted 4-6.193 In addition to this variation, complexes 2 and 5, substituted at the 5-bpy position, 

have MLCT bands that tail further into the visible region, giving solutions of these complexes a 

distinctly more orange color than solutions of the other complexes. Upon reduction, the neutral 

NDI peaks disappear and are replaced by peaks at 471 nm, 605 nm, 700 nm and 795 nm 

characteristic of the NDI radical anion.45 The MLCT absorbance remains unchanged. 

In the mid-IR, three peaks are observed in the carbonyl stretching region; with the two 

lower-energy peaks sometimes overlapping and forming one broad peak. These correspond to the 

symmetric (high-energy, around 2000–2050 cm–1) and asymmetric (lower-energy, around 1850–

1950 cm–1) stretches of the CO ligands.194 Py-ligated complexes have stretches that are shifted to 

higher energy relative to the analogous complex with a Cl– ligand, reflective of the lower electron 

density on the Re center weakening the Re–C backbonding and strengthening the C≡O bond. As 

expected, reduction of the NDI fragment does not affect these vibrational peaks. 

5.3.5 Time-Resolved Visible, Near-infrared, and Mid-infrared Spectroscopy 

The forward- and back-electron transfer kinetics upon excitation of the NDI radical anion in 

1•−-6•− were probed using a combination of femtosecond time-resolved visible/NIR (fsTA) and 

time-resolved mid-IR (fsIR) spectroscopy. The oxidation state of the NDI moiety was monitored 

in the visible/NIR region, while the oxidation state of the Re(bpy)(CO)3X fragment was monitored 
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in the mid-IR. A representative set of fsTA and fsIR spectra, acquired on complex 6•−, are shown 

in Figure 5.4 and Figure 5.5 together with the kinetic analysis of the data. Data for all six 

complexes is included in Figures 5.18-5.29. 

The fsTA data were analyzed using Singular Value Decomposition (SVD) as described in 

many of our previous papers.190 SVD produces a set of kinetic and spectral basis vectors that are 

fit to a specified kinetic model, and which are then fit using a least-squares fitting algorithm to 

determine the lifetimes for each kinetic component. These kinetic components are then used to 

calculate species-associated spectra (SAS) for each decay lifetime. For all six compounds 1•−-6•−, 

the fsTA data were fit to an A→B→G(round) model, where A represents the excited state of NDI•− 

and B represents the NDI0–Re(bpy•−)(CO)3X charge-shifted state. The kinetics of forward- and 

back-electron transfer as determined by analysis of the fsTA data are shown in Table 5.5. The 

quantum yield of forward electron transfer was estimated by comparing the forward intrinsic 

*NDI•− excited state lifetime (𝜏 = 141 ps) with its lifetime in each complex.45 Now, because the IR 

spectrum is insensitive to the oxidation or excitation state of the NDI moiety, the fsIR data were 

analyzed using multiple-wavelength global fitting procedure that fit the kinetics of the 

B→G(round) process only. While it would theoretically be possible to determine the A→B 

kinetics by fitting the rise time of the signals corresponding to state B, that rise time, as discussed 
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below, occurs within the 1-2 ps instrument response of the fsIR apparatus and cannot be accurately 

fit, Figure 5.5.  

Table 5.5: Forward- and back-electron transfer lifetimes for complexes 1•−-6•− in DMF with excess 

TDAE (λex = 605 nm), calculated from analysis of fsTA spectra. 

Complex X 𝜏𝐹𝐸𝑇  (ps) 𝑘𝐹𝐸𝑇  (s
-1) 𝜏𝐵𝐸𝑇   (ps) 𝑘𝐵𝐸𝑇(s-1) Φ𝐹𝐸𝑇  

1•− 

Cl– 

1.2 ± 0.3 8.3 x 1011 9.5 ± 0.7 1.1 x 1011 0.99 

2•− 1.1 ± 0.3 9.1 x 1011 10.0 ± 0.4 1.0 x 1011 0.99 

3•− 1.3 ± 0.3 7.7 x 1011 17.8 ± 0.3 5.6 x 1010 0.99 

4•− 

Py 

0.4 ± 0.3 2.5 x 1012 32 ± 1 3.1 x 1010 0.99 

5•− 1.5 ± 0.3 6.7 x 1011 59 ± 4 1.7 x 1010 0.99 

6•− 1.0 ± 0.3 1.0 x 1012 107 ± 2 9.4 x 109 0.99 

Figure 5.4: Left: fsTA spectrum of Re(6-bpy-NDI•−)(CO)3Cl in DMF with excess 

TDAE (λex = 605 nm). Center: Species-associated spectra obtained from global analysis 

of TA data using Singular Value Decomposition (SVD) kinetic traces. Best-fit lifetimes 

of each spectral component are given in the legend. Right: Kinetic traces (solid) and fits 

(dashed) obtained by SVD of fsTA data.  Best-fit lifetimes are given in the legend for 

the species-associated spectra. 



184 

 

 

5.3.6 NMR Spectroscopy 

1H, 13C, COSY, HSQC, and 13C DEPT-135 NMR spectra were recorded on a Bruker 

Avance 500 TCI Cryoprobe Spectrometer. Synthesis of complexes 7-9 allowed for more detailed 

correlations between broadening and peaks observed in the 1H NMR for complexes 1-6, Figures 

5.7-5.8 and 5.15-5.17.   

Figure 5.5: Left: fsIR spectrum of Re(6-bpy-NDI•−)(CO)3Py in DMF with excess 

TDAE (λex = 605 nm). Right: Kinetic traces and fits to the lifetime shown of the fsIR at 

the given frequencies. 

Figure 5.6: 
1
H-NMR of complexes 6 (top) and 3 (bottom), respectively. Broadening 

of two protons on their respective phenyl substituent are circled. 
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5.3.8 X-Ray Crystallography 

Single crystals of complex 9 suitable for X-ray diffraction were obtained by vapor diffusion 

between a solution of the compound in dichloromethane and a diethyl ether reservoir. The crystal 

was mounted on MiTeGen MicroLoops with Paratone oil and data were collected at 100 K on a 

Bruker Prospector system equipped with the micro-focused X-ray tube and MX optics. The 

structures were solved using SHELXS and refined using SHELXT. Structure have been deposited 

in the Cambridge Structural Database (CCDC Nos. 1856229). Crystal data and structure 

refinement for complex 9 are shown in Table 5.6. Fractional Atomic Coordinates and Equivalent 

Isotropic Displacement Parameters for complex 9 are in Table 5.9. 

Figure 5.7: 
1
H-NMR (left) and 

13
C-NMR (right) of complex 9. Broadening of two 

protons and carbons on the phenyl substituent are illustrated. 
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Table 5.6: Crystal data and structure refinement for complex 9 
Identification code Complex 9 

Empirical formula C19H12N2O3ClRe 

Formula weight 537.96 

Temperature/K 100.01 

Crystal system monoclinic 

Space group P21/c 

a/Å 7.0735(12) 

b/Å 14.576(2) 

c/Å 16.991(3) 

α/° 90 

β/° 101.338(8) 

γ/° 90 

Volume/Å3 1717.6(5) 

Z 4 

ρcalcg/cm3 2.08 

μ/mm-1 15.467 

F(000) 1024 

Crystal size/mm3 0.314 × 0.134 × 0.091 

Radiation CuKα (λ = 1.54178) 

Figure 5.8: X-ray crystallographically derived molecular structure of complex 9. 
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2Θ range for data collection/° 10.62 to 133.258 

Index ranges -8 ≤ h ≤ 7, -16 ≤ k ≤ 17, -10 ≤ l ≤ 20 

Reflections collected 6832 

Independent reflections 2926 [Rint = 0.0322, Rsigma = 0.0405] 

Data/restraints/parameters 2926/0/235 

Goodness-of-fit on F2 1.096 

Final R indexes [I>=2σ (I)] R1 = 0.0316, wR2 = 0.0848 

Final R indexes [all data] R1 = 0.0323, wR2 = 0.0856 

Largest diff. peak/hole / e Å-3 1.87/-1.35 

 

5.3.9 Computed Molecular Orbitals 

Table 5.7: Computed geometry parameters for the investigated complexes. 

Compound # dRe-COeq  /Å dRe-COax /Å dRe-X /Å Θpy-py / ° Θpy-ph / ° 

1 1.930;1.929 1.920 2.513 0.033 -40.681 

2 1.929;1.930 1.919 2.512 0.109 39.698 

3 1.917;1.942 1.914 2.520 9.919 54.788 

4 1.934;1.934 1.937 2.275 -0.803 -35.19 

5 1.934;1.934 1.937 2.274 0.652 36.25 

6 1.921;1.947 1.930 2.276 10.667 53.22 

7 1.930;1.929 1.919 2.513 -0.393 -39.260 

8 1.929;1.929 1919 2.512 0.290 38.267 

9 1.916;1.940 1.914 2.517 10.054 54.612 

 

In the absence of crystal structure for most of the reported complexes, the optimization of the 

ground state geometry for the reported complexes revealed structural information fundamental for 

understanding some of the experimental properties. As reported in Table 5.7, the distance between 

the rhenium and both equatorial carbonyl ligands are approximately 1.93 Å for all the complexes 



188 

 

except for those with a substituent in position 6 to the bpy. In this case (complexes 3, 6 and 9) the 

Re-CO distance for the carbonyl pointing away from the substituted position 6, resulted shorter by 

0.02 Å than the opposite equatorial carbonyl. On the other side, both axial ligands were not affected 

by the different bipyridyl ligands. We attribute the asymmetry between the two equatorial 

carbonyls to the strong distortion of the two pyridyl rings in the 6-substituted bpy ligands. The 4- 

and 5-substituted bipyridine show a quasi-coplanarity of the two rings, whereas the 6-substituted 

ligands present a dihedral angle of 10°. For the 6-substituted bipyridyl ligands also the dihedral 

angle between the substituted ring and the phenyl fragment result more distorted than for the 4 and 

5 corresponding ligands, with ≈ 54° instead of ≈ 38°.  

 

The frontier orbital distribution is depicted in Figure 5.9. For the same orbital, the 

localization doesn’t change within the three sets of complexes, hence in Figure 5.9 we compared 

only the 4-substituted complexes 1, 4 and 7.  For all the neutral investigated complexes, the HOMO 

Figure 5.9: Optimized geometries and plots of HOMO-1, HOMO, LUMO and 

LUMO+1 orbitals for complexes 1, 4 and 7. 
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and HOMO-1 are predictably localized between the rhenium, the halogen and the three carbonyl 

ligands with minimum (HOMO-1) or no contribution (HOMO) arising from the ancillary ligand. 

For the cationic analogues, the energy of occupied MOs become stabilized enough to alter the 

distribution pattern seen in Figure 10 (complexes 1 and 7). Therefore, the HOMO for the Pyridine 

substituted complexes resulted localized on the NDI substituent, whereas the bpy pyridyl rings 

contribute together with the metal and the carbonyls to the HOMO-1.  In the NDI complexes 1-6 

the LUMO is dominated by the NDI fragment whereas the LUMO+1 is bpy centered. Model 

complexes 7-9 have both LUMO and LUMO+1 localized on the bpy-Ph ligand. 

 

Kohn−Sham energy diagrams for the ten highest occupied and ten lowest unoccupied MOs 

for 1-9 are shown in Figure 5.10 and frontier orbital energies are summarized in Table 5.8. In 

agreement with the orbital distribution, the HOMO energies for the neutral complexes 1-3 and 7-

9 lie at about -6.3 eV. Complexes 1-3 display almost identical LUMO energies supported by the 

Figure 5.10: Calculated molecular orbital energy level diagram for complexes 1-9. 

Model complexes 7-9 are displayed next to 1-3 to better appreciate the effect of the NDI 

fragment. 
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NDI centered localization. Similarly, LUMO+1 for complexes 1-3 and LUMO for 7-9 have similar 

energies due to the similar orbital distribution. The energies for the cationic species result shifted 

to lower energies than for the neutral complexes, this is attributed as an effect of the positive charge 

of these systems. Although, comparing the HOMO-LUMO gap between the neutral and the 

cationic complexes, the replacement of a π -donor (the halogen) with a π -accepting ligand 

(pyridine) induces a destabilization of the HOMO hence a narrower HOMO-LUMO gap.  

Table 5.8: Calculated HOMO and LUMO energies for complexes 1-9. 

Complex 
HOMO LUMO ΔHOMO-LUMO ΔHOMO-LUMO nm 

eV eV eV nm 

1 -6.373 -3.676 2.696 460 

2 -6.385 -3.668 2.717 456 

3 -6.359 -3.658 2.700 459 

4 -7.674 -5.723 1.952 635 

5 -7.640 -5.746 1.894 654 

6 -7.654 -5.670 1.984 625 

7 -6.362 -2.716 3.646 340 

8 -6.378 -2.740 3.638 341 

9 -6.339 -2.639 3.700 335 

 

5.3.10 Thermally Averaged Electronic Coupling 

Electronic coupling depends strongly on the relative orientation of the donor and acceptor, 

which can vary due to thermal fluctuations. Electronic couplings |𝐻𝑖𝑓(𝜑)| were computed for the 

back-ET reaction [Re(bpy)(CO)3X
•−][NDI] → [Re(bpy)(CO)3X][NDI

•−]. Thermally averaged 

coupling was obtained by taking the energetically feasible configurations of the complexes at room 

temperature (selected using a cutoff of 1 kcal/mol on the energies of the complexes, Figure 5.11 
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A and B) and Boltzmann averaging the electronic couplings |𝐻𝑖𝑓(𝜑)| computed for those 

configurations were done using equation 4.  

𝐻𝑖𝑓
𝐵 =

∑ |𝐻𝑖𝑓(𝜑)|𝑒
−
∆𝐸𝑖(𝜑)

𝑘𝑇𝑖

∑ 𝑒
−
∆𝐸𝑖(𝜑)

𝑘𝑇𝑖

      (4) 

 

5.4 Discussion 

The electrochemical data shown in Tables 5.1-5.2 reveal that the attachment of the NDI-

Ph to Re(bpy)(CO)3X has a negligible effect on the reduction potentials of NDI. The first two 

reductions for complexes 1-6 are NDI localized and are similar to that of the free NDI 

chromophore.45 Despite that, the two reduction potentials of Re(bpy)(CO)3X are perturbed slightly 

Figure 5.11: (A) (Bottom) Energies for different structures of complexes 1, 2 and 3 

obtained by scanning the dihedral between Re(bpy)(CO)3Cl•− and NDI and (Top) 

Electronic couplings for the back-electron transfer for structures with energies < 1 

kcal/mol. (B) (Bottom) Energies for different structures of complexes 1, 2 and 3 

obtained by scanning the dihedral between Re(bpy)(CO)3Py•− and NDI and (Top) 

Electronic couplings for the back-ET for structures with energies < 1 kcal/mol. 

Boltzmann averaged electronic couplings |𝐻𝑖𝑓
𝐵 | for back-ET complexes (C) 1, 2 & 3 

and (D) 4, 5 & 6. 
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with an NDI-Ph bound. For example, in complexes 1-3 the bipyridine reductions are separated by 

100 mV while the Re-ClI/0 are separated by 240 mV. To obtain more insight into this disparity, we 

synthesized model rhenium complexes that do not have an NDI chromophore attached at the 4-, 

5-, or 6- bipyridine position in order to isolate the effects the Ph- and NDI-Ph have on the reduction 

potentials of Re(bpy)(CO)3Cl. In comparing complex 7 to the unsubstituted Re(bpy)(CO)3Cl 

(complex 10), the bpy0/−  and Re-ClI/0 shift to more positive potentials.  This is attributed to the 

extended conjugation from the bpy into the phenyl substituent, lowering the bpy 𝜋∗star orbital’s 

energy and making the bpy0/−  reduction more facile. This is likely the same reason of the anodic 

shift for complex 8 when compared to complex 10. This is expected because of greater electronic 

coupling and conjugation onto the phenyl from the bipyridine, shifting positive of the redox 

potentials. In contrast, in complex 9, where the bipyridine is substituted at the 6-position with a 

phenyl, the bpy0/− and Re-ClI/0 reductions instead shift to more negative potentials. X-ray quality 

grown crystals of 9 illustrate the proximity of the phenyl substituent with respect to the metal 

center. Likely as the complex gets reduced once or twice, the complex must electrostatically repel 

this phenyl substituent, whereas complex 7 and 8 do not, incurring more difficult reductions for 

complex 9. This is additionally supported by 1H-NMR and 13C-NMR, as the phenyl group on the 

complex 9 has broadened 1H-NMR and 13C-NMR peaks, indicating lack of free rotation, caused 

by the phenyl’s close vicinity to the metal complex, while complexes 7 and 8 do not. This rationale 

can be extended to complexes 1-6, where in the case of complex 3 and 6, the metal complex must 

repel the phenyl that has a bulky NDI substituent also linked. This leads to more negative reduction 

potentials for the metal complex than their constitutional isomer counterparts, Table 5.1-5.3. 

Similar results have been seen before by Ishitani that constructed Ru-Re complexes that were 

separated by an alkyl bridge, when the length of the alkyl bridge was decreased from 6 to 4 to 2 
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carbons, they observed a through space interaction that changed the Re(dmb)(CO)3Cl reduction 

potentials.31, 195 

When comparing the reduction potentials of complexes 1-3 to complexes 4-6, the third 

reductions (bpy0/−) are at more negative potentials; this reflects the destabilizing of the bpy 𝜋∗ 

orbital by the chloride ligand due to the chloride’s ability to be a 𝜋-donor in contrast to the pyridine 

ligand.65 This effect, in addition to complexes 4-6 being positively charged, has a more drastic 

effect on the fourth reduction (Re-XI/0) where the metal based reductions shift by ~230mV more 

positive with a pyridine bound than in complexes 1-3 with a chloride bound. With respect to ∆𝐺BET 

of complexes 1•−-6•−, the reduction potentials of bipyridine are only of concern as we are interested 

in the reduction of Re(bpy-NDI•−)(CO)3X  to Re(bpy•−-NDI0)(CO)3X. The electrochemical data in 

Tables 5.1-5.2 illustrate that by substituting the chloride ligand for pyridine, ∆𝐺BET for 

Re(bpy•−)(CO)3X → NDI0 is decreased by 200-300 mV between complexes 1-3 and their pyridine 

counterparts. This will have implication on the rate of back electron transfer that will be discussed 

later. 

Whether the NDI•−-Ph substituent is at the 4, 5, or 6 position of bipyridine on 

Re(bpy)(CO)3X, the same photophysical processes occur upon selective excitation at λex = 605 nm 

of the NDI•− chromophore, albeit with different kinetics. At short times, the spectral features 

observed in the fsTA are instantaneous bleaches of the ground-state NDI•− features at 471 nm, 700 

nm, and 795 nm and induced absorptions attributable to *NDI•− at 403 nm and in the region 600–

1500 nm overlapping the bleaches at 700 nm and 795 nm. As the fsTA spectrum evolves, the 

bleaches remain but the *NDI•− induced absorptions decay. In their place, an induced absorption 

at 381 nm appears, characteristic of NDI0 (in some datasets an additional induced absorption at 
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361 nm is also visible, although this wavelength lies just at the edge of detectability in the fsTA 

apparatus and is not always observable). In the NIR, a broad induced absorption attributable to the 

Re(bpy•−)(CO)3L moiety is observed to grow in with the same kinetics as the growth of the NDI0 

band(s). The strength and wavelength of that band varies with the site of substitution on the bpy 

and with the nature of X, although it always corresponds to SOMO→LUMO+n, all orbitals of 

which are located on the bpy ligand. Because the conjugation of the bpy ligand extends partially 

onto the Ph substituent, shifting the location of substitution affects the relative energies of the bpy-

centered orbitals and consequently the spectra of the reduced Re(bpy)(CO)3L fragment.  

The fsIR spectra are quite similar to those obtained from our previous experiments for 

similar rhenium complexes.190-191, 196-197 Upon reduction, the ground-state absorptions are observed 

to bleach and induced absorptions at lower energies are observed to form. A shift to lower energy 

of the CO stretching frequencies is commonly observed when the bpy ligand on the Re is reduced, 

due to increased electron density on the Re center strengthening the π-backbonding to the CO and 

weakening the CO bond.104 These induced absorptions are observed to decay with kinetics 

identical within experimental error to the kinetics of the B→G(round) process observed in the 

fsTA data. Due to a large coherence artifact that obscures the first ~2 ns of fsIR data, kinetic fitting 

of these data, especially for complexes with shorter lifetimes for back-electron transfer, are less 

accurate than lifetimes obtained from fitting the fsTA data.  

In comparing the 𝜏𝐵𝐸𝑇  in complexes with the same substituent position of the NDI•−-Ph 

chromophore but with different X ligands (e.g. complex 1•− vs complex 4•−), we see that the rate 

of back electron transfer decreased. For example, 𝜏𝐵𝐸𝑇 for complex 1•−- is 9.5 ± 0.7 ps while the 

𝜏BET for complex 4•−- is 32 ± 1 ps. It is clear that by substituting Cl for pyridine, the Gibbs free 

energy for back electron transfer decreases as well, leading to a slower charge recombination 
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lifetime. This trend is consistent when comparing all the 𝜏𝐵𝐸𝑇 between  complexes 1•−-3•− and their 

counterparts 4•−-6•−. In comparing 𝜏𝐵𝐸𝑇  for complexes with a different substituent location of the 

NDI•−-Ph fragment but with the same X ligand (e.g. complexes 1•− vs 2•− vs 3•−), we see that the 

𝜏𝐵𝐸𝑇  is slower. In the set of complexes with a chloride bound, the complex with NDI•−-Ph at the 6 

position has a greater ∆𝐺BET than the complexes with NDI•−-Ph at the 4 or 5 position but a slower 

back electron transfer time constant (𝜏𝐵𝐸𝑇  = 17.8 ± 0.3 for complex 3•− vs 𝜏𝐵𝐸𝑇  = 9.5 ± 0.7 ps for 

complex 1•−). In the set of complexes with a pyridine bound (4•–-6•–), the ∆𝐺BET for back electron 

transfer are quite similar. Despite that, the 𝜏𝐵𝐸𝑇  among the three complexes are quite different, 

with the time constant for back electron transfer being ~3 times longer in complex 6•− than in 

complex 4•−. It is clear that the substituent location of NDI•−-Ph onto bipyridine plays a role in the 

𝜏𝐵𝐸𝑇  when bound to the Re(bpy)(CO)3Cl, but the slower charge recombination times cannot be 

rationalized via the energetics estimated by the ∆𝐺BET. As seen in Figure 5.11 (C) and (D), |𝐻𝑖𝑓
𝐵 | 

for back ET in Re(4-, 5-, 6-bpy-NDI)(CO)3Cl shows the trend 𝐻1 > 𝐻2 > 𝐻3 resulting in the 

observed back-ET trend of 𝜏𝐵𝐸𝑇1 < 𝜏𝐵𝐸𝑇2 < 𝜏𝐵𝐸𝑇3. Likewise in [Re(4-, 5-, 6-bpy-

NDI)(CO)3Py][PF6], the computed trend of 𝐻4 > 𝐻5 > 𝐻6 results in the observed back-ET trend 

of 𝜏𝐵𝐸𝑇4 < 𝜏𝐵𝐸𝑇5 < 𝜏𝐵𝐸𝑇6. Thus, electronic coupling |Hif| between the NDI•−-Ph substituent and 

Re(bpy)(CO)3Cl at the 4, 5, and 6 position of bipyridine is the key factor governing the rate of 

electron transfer. 

The decrease in electronic coupling is likely a through space interaction that forces the 

reduced metal complex Re(bpy)(CO)3X to electrostatically repel the NDI-Ph (after electron 

transfer ) or NDI•−-Ph (before electron transfer) substituent due to their proximity in space. The 

shift of the bipyridine and ReI/0-Cl reduction potentials to more negative potentials is evidence of 
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a through space interaction.54, 198 Additionally, 1H-NMR of complexes 3 and 6 and illustrate 

significant broadening of resonances assigned to two protons on the phenyl ring (Figure 5.6). No 

broadening of 1H-NMR resonances occurred in the 4 or 5 positioned Re(bpy-NDI)(CO)3X 

complexes. Additionally, there is no broadening of protons in the bare ligands of any bipyridine 

ligand investigated in this study. To obtain better insight into the broadening of 1H-NMR 

resonances, the model complex Re(6-Ph-bpy)(CO)
3
Cl (complex 9) was investigated further. 1H-

NMR of complex 9 illustrated significant broadening of two phenyl protons (Figure 5.7), while 

the rest of the phenyl and bipyridine protons appear sharp, as with the case with Re(6-bpy-

NDI)(CO)3Cl and Re(6-bpy-NDI)(CO)3Py. 13C-NMR of complex 9 illustrate significant 

broadening to the carbon atoms attached to these protons while the remaining bipyridine and 

phenyl carbons are single sharp peaks. 1H and 13C NMR assignments were further confirmed via 

COSY, HSQC, and 13Carbon DEPT-135 experiments (see 5.8.1). The broadening in the 1H and 

13C NMR of complex 9  is associated with restricted rotation of the protons and carbons because 

of the phenyl’s proximity to the metal center through space. To verify this interaction, crystals of 

9 suitable for X-ray diffraction were grown by vapor diffusion of diethyl ether into solution of 9 

dissolved in dichloromethane. The diffraction data revealed molecular structures like previously 

reported Re compounds185 with an quasi-octahedral arrangement of ligands around a rhenium 

center (Figure 5.8), consistent with IR data that demonstrate that the carbonyl ligands adopt facial 

geometries. The distance from the carbons at the 8 and 9 positions of complex 9 are closest to the 

closest carbonyl in space, as indicated by the crystal structure, this interaction likely broadens the 

protons and carbons as they are perturbed. Previous work done on using 6-phenyl-2,2′-bipyridine 

(HL) as a coordinating ligand (N,N donor) to form Ru(HL)2Cl2 illustrated significant broadening 
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of the phenyl substituents protons in 1H-NMR while the bipyridine protons appeared sharp.199 

Additionally, the HL ligand could be utilized as a C,N,N-donor in metal complexes that 

incorporated Rh. The phenyl substituent was found to form an organometallic (carbon-metal) bond 

and formed the cyclomettallated complex Rh-HL(MeCN)Cl2, illustrating the HL’s close proximity 

to the metal center.199 The phenyl to metal complex through space interaction likely decouples the 

6-NDI-Ph substituents from the Re(bpy)(CO)3X in comparison to having the ligand at the 4 and 5 

position of bipyridine as this interaction doesn’t occur. This is supported by the DFT calculated 

optimized geometries of complexes 1-9, as the dihedral angle between the substituted ring and the 

phenyl fragment are less distorted in the 4 and 5 corresponding ligands than the 6-substituent, with 

≈ 54° instead of ≈ 38°.  

This data illustrates that by altering the substitution on the bipyridine core, as well as 

changing the X ligand bound to the metal complex, can increase charge separation lifetimes in 

Re(bpy•−-NDI0)(CO)3X by an order of magnitude. These results will have immediate effects in the 

redesign of complexes that form donor-acceptor systems with Re(bpy)(CO)3X. For example, in 

our previously reported complex Re(4-bpy-DPA-NDI•−)(CO)3Cl (see Figure 5.1), where the triad 

is constructed through the 4 position of bipyridine. Simply by attaching NDI-DPA- to the 6 

position of bipyridine instead of the 4 position, as well as changing the chloride ligand to pyridine, 

would we expect the charge separation lifetime to increase from ~25 ns to ~250 ns. This 

implementation will lengthen the complex’s charge recombination lifetime and will allow the 

reduction of the complex to compete with reactions that proceed on the diffusional time scale, such 

as CO2 binding and catalysis. 
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5.5 Conclusion 

In this study we described six new complexes that contained an NDI•− chromophore bound 

to Re(bpy)(CO)3X via a phenyl bridge. By varying the position of the NDI-Ph substituent on 

bipyridine had varying degrees of effect on the reduction potentials of the Re(bpy)(CO)3X. The 

complexes that had NDI-Ph at the 6 position of bipyridine had its two Re(bpy)(CO)3X centered 

reductions shifted to more negative potentials while the complexes that had NDI-Ph positioned at 

the 4 or 5 position of bipyridine were shifted more positive. To isolate the effect between the NDI-

Ph and Ph- had on the reduction potentials, three  model complexes were synthesized that only had 

a phenyl substituent bound. X-ray crystallography coupled with 1H and 13C NMR illustrated that 

the 6 positioned Ph- on bipyridine was perturbed by the metal center complex and that likely upon 

one or two reductions of the metal complex forces the complex to coulombically repel the phenyl 

substituent while the 4 or 5 complexes do not. Instead, the complexes that had a phenyl on the 4 

or 5 position had more positive reductions, indicating that the electron density is likely distributed 

onto the phenyl from the bipyridine due to conjugation. As a result, these model compounds 

showed the same trend for their respective Re(bpy)(CO)3X reductions as the NDI-Ph complexes. 

FsTA and fsIR experiments verified that upon selective excitation of the NDI•− at 605 nm,  

the covalently attached Re(bpy)(CO)3X is reduced to Re(bpy•−)(CO)3X in < 2 ps. FsTA results 

illustrated that the 𝜏𝐵𝐸𝑇 increased when the chloride ligand was exchanged for a pyridine ligand, 

this could be affirmed by the ∆𝐺BET. FsTA results additionally showed that when the NDI•−-Ph- 

chromophore substituent location was changed from 4 → 5 → 6 positions around the bipyridine on 

Re(bpy)(CO)3X, that 𝜏𝐵𝐸𝑇 increased. While the ∆𝐺BET were contradictory to the 𝜏𝐵𝐸𝑇 , we turned 

towards calculating the electronic coupling between the NDI chromophore and Re(bpy•−)(CO)3X 
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as the 𝜏𝐵𝐸𝑇 is proportional to the electronic coupling between the two fragments. These 

calculations demonstrated that the electronic coupling between the NDI and Re(bpy NDI•−)(CO)3X 

decreased from the 4 → 5 →  6 positions around the bipyridine, supporting the 𝜏𝐵𝐸𝑇 obtained by 

FsTA. 

This work provides several important understandings for creating donor-acceptor based on 

the popular Re(bpy)(CO)3X CO2 reduction catalyst. One important finding is that incorporating a 

chromophore at the 4, 5, or 6 position of bipyridine does not affect the quantum yield of forward 

electron transfer. This ensures that in photocatalytic systems, each photon that is absorbed by the 

NDI•− is transferred to form Re(bpy•−)(CO)3X, the first intermediate in the catalytic cycle.  Second, 

the attachment of the NDI•−-Ph to the 6 position of bipyridine does not negatively impact the 

reduction of the bipyridine, indicating that the potency for CO2 reduction by the singly reduced 

complex Re(bpy•−)(CO)3X is maintained, a fault seen in previous conjugated chromophores. Third, 

by incorporating the NDI•− chromophore at the 6 position of bipyridine and exchanging the Cl 

ligand to pyridine leads to an order of magnitude increase in 𝜏𝐵𝐸𝑇. Finally, the photoinduced 

electron transfer recombination rates can be dictated either by the Gibbs free energy of back 

electron transfer or the electronic coupling between Re(bpy•−)(CO)3Cl and NDI. This systematic 

approach will impact the rational design of these complexes that aim to maximize charge 

recombination lifetimes, a vital component to photocatalytic CO2 reduction and artificial 

photosynthesis. 

5.6 Acknowledgements  

We thank Drs. Saman Shafaie for collecting high-resolution mass spectrometric data. This 

work was supported by the Argonne Northwestern Solar Energy Research (ANSER) Center, an 



200 

 

Energy Frontier Research Center funded by the U.S. Department of Energy (DOE), Office of 

Science, Office of Basic Energy Sciences, under Award No. DE-SC0001059. This publication was 

made possible by NPRP Grant No. 9-174-2-092 from the Qatar National Research Fund (a member 

of Qatar Foundation). The findings achieved herein are solely the responsibility of the authors. 

NMR and MS measurements in this work were performed at the IMSERC at Northwestern 

University, which has received support from the Soft and Hybrid Nanotechnology Experimental 

(SHyNE) Resource (NSF NNCI-1542205); the State of Illinois and International Institute for 

Nanotechnology (IIN). We are grateful to Yale HPC and the Research Computing Center in Texas 

A&M University at Qatar for where the calculations were conducted. 

5.7 Synthetic Details  

 

4-bromo-2,2′-bipyridine was prepared as was previously reported.191 

 

DtB-NDI-PhBpin was prepared as was previously reported.191 
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DtB-NDI-4-Phbpy 

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, DtB-NDI-

PhBpin (0.10 g, 0.15 mmol), 4-bromo-2,2’-bipyridyl (0.04 g, 0.18 mmol), and Na2CO3 (0.127 g, 

1.2 mmol) were dissolved in THF (33mL) and H2O (7mL) and put under N2. After 15 minutes of 

purging, fresh Pd[PPh3]4 (8.7mg , 5% eq) was added via the second port and purged for 5 minutes. 

The solution was set to reflux overnight. The solution was cooled to room temperature and the 

solvent was removed under reduced pressure. The crude material was then dissolved in 

dichloromethane and ran through a celite plug. The solvent was removed under reduced pressure. 

The remaining solid was sonicated in minimal MeOH and allowed to sit overnight in a freezer. 

The solution was filtered and the light brown solid was collected (20%, 0.043g). 1H NMR (500 

MHz, Chloroform-d) ) δ 8.89 (s, 4H), 8.80 – 8.71 (m, 3H), 8.48 (dt, J = 8.0, 1.2 Hz, 1H), 7.99 (d, 

J = 8.3 Hz, 2H), 7.86 (td, J = 7.8, 1.8 Hz, 1H), 7.64 – 7.59 (m, 2H), 7.52 – 7.48 (m, 3H), 7.38 – 

7.34 (m, 1H), 7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H).  

 

NDI-4-Phbpy-Re(CO)3-Cl  

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

compound DtB-NDI-4-Phbpy (0.1 g, 0.15 mmol), pentacarbonylchlororhenium(I) (0.065 g, 0.18 

mmol), and dichloromethane (30 mL).  The pressure flask was capped and brought out of the 

glovebox and heated to 80 °C overnight. The solution was cooled to room temperature and the 
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solvent was removed by reduced pressure. The solid was then column chromatographed on silica 

using a gradient between dichloromethane and Ethyl Acetate (100 → 98:2 → 85:15). The 

compound was then dissolved in minimal dichloromethane and layered with diethyl ether. Upon 

filtering, a bright yellow compound was obtained with sufficient purity to carry through to the next 

step. Yield: (0.03 g, 20%). 1H NMR (500 MHz, Chloroform-d) δ 9.12 (td, J = 5.6, 1.1 Hz, 2H), 

8.90 (s, 4H), 8.38 (d, J = 1.8 Hz, 1H), 8.35 – 8.30 (m, 1H), 8.10 (td, J = 7.6, 3.7 Hz, 1H), 7.93 – 

7.87 (m, 2H), 7.75 (dt, J = 5.9, 1.9 Hz, 1H), 7.65 – 7.58 (m, 2H), 7.58 – 7.54 (m, 2H), 7.51 (dd, J 

= 8.6, 2.2 Hz, 1H), 7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ 163.84, 163.12, 156.31, 155.84, 153.65, 153.53, 150.90, 150.62, 143.81, 139.08, 137.08, 

132.02, 131.88, 131.70, 130.22, 129.24, 128.71, 127.67, 127.63, 127.53, 127.50, 127.38, 126.94, 

126.80, 125.22, 123.37, 121.38, 35.75, 34.46, 31.91, 31.36. HRMS-ESI (m/z): calculated 

C47H36ClN4O7Re [M+NH4]
+: 1008.2174, found 1008.2152 

 

[DtB-NDI-4-Phbpy-Re(CO)3-Py]PF6  

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

DtB-NDI-4-Phbpy-Re-Cl (30 mg, 0.030 mmol), AgPF6 (8 mg, 0.033 mmol), pyridine (20 mL). 

The pressure flask was capped and brought out of the glovebox and heated to 80 °C overnight. The 

solution was cooled to room temperature and 50 mL of DCM was added. The solution was then 
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filtered. The solvent was removed under reduced pressure and then column chromatographed on 

silica using a gradient between dichloromethane and Acetone (100 → 90:10). The compound was 

then dissolved in minimal dichloromethane and layered with diethyl ether. Upon filtering, a bright 

yellow compound was obtained (16 mg, 42%). 1H NMR (500 MHz, Chloroform-d) δ 9.10 – 9.03 

(m, 2H), 8.86 (s, 4H), 8.77 – 8.69 (m, 2H), 8.32 (td, J = 7.9, 1.5 Hz, 1H), 8.16 (dt, J = 5.2, 1.5 Hz, 

2H), 8.10 (d, J = 8.5 Hz, 2H), 7.91 (dd, J = 5.9, 1.9 Hz, 1H), 7.82 (tt, J = 7.7, 1.5 Hz, 1H), 7.72 

(ddd, J = 7.4, 5.6, 1.1 Hz, 1H), 7.63 – 7.54 (m, 3H), 7.48 (dd, J = 8.6, 2.2 Hz, 1H), 7.42 – 7.35 (m, 

2H), 7.01 (d, J = 2.2 Hz, 1H), 1.32 (s, 9H), 1.27 (s, 9H) 13C NMR (126 MHz, CDCl3) δ 163.9, 

162.9, 156.5, 155.9, 152.8, 152.8, 152.6, 151.7, 150.5, 143.8, 141.8, 140.1, 137.5, 136.0, 132.1, 

131.7, 131.6, 130.3, 129.1, 129.1, 128.9, 127.6, 127.5, 127.5, 127.4, 126.9, 126.4, 126.2, 123.8, 

35.7, 34.4, 31.9, 31.3 HRMS-ESI (m/z): calculated C52H41N5O7Re [M −PF6]
+: 1034.2563, found 

1034.2561 

 

4-phenyl-2,2′-bipyridine was prepared as was previously reported.191 
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4-Phbpy-Re(CO)3-Cl was prepared as was previously reported.191 1H NMR (500 MHz, 

Chloroform-d) δ 9.10 (d, J = 5.3 Hz, 1H), 9.07 (d, J = 5.8 Hz, 1H), 8.32 (d, J = 1.7 Hz, 1H), 8.30 

(d, J = 8.3 Hz, 1H), 8.08 (td, J = 7.9, 1.6 Hz, 1H), 7.72 – 7.68 (m, 3H), 7.62 – 7.54 (m, 4H). 13C 

NMR (126 MHz, CDCl3) δ 197.24, 189.67, 156.06, 155.99, 153.47, 153.42, 151.96, 138.98, 

136.08, 130.95, 129.86, 127.36, 127.27, 125.11, 123.21, 121.14, 77.41, 77.16, 76.91, 53.57, 31.09, 

29.86, 22.96. HRMS-ESI (m/z): calculated C19H12ClN2O3Re [[M]2+NH4]
+: 1094.053, found 

1094.049. [[M]2+Na]+: 1099.009, found 1099.008. [M+Na]+: 560.999 found, 560.994. 

 

DtB-NDI-5-Phbpy  

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, DtB-NDI-

PhBpin (0.81 g, 1.24 mmol), 5-bromo-2,2’-bipyridyl (0.29 g, 1.24 mmol), and Na2CO3 (1.05 g, 

9.92 mmol) were dissolved in THF (80mL) and H2O (27 mL) and put under N2. After 15 minutes 

of purging, fresh Pd[PPh3]4 (0.14 g , 5% eq) was added via the second port and purged for 5 

minutes. The solution was set to reflux overnight. The solution was cooled to room temperature 
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and the solvent was removed under reduced pressure. The remaining solid was washed with H2O 

and filtered. The solid on top of the filter paper was then washed with THF and filtered. The 

remaining solid was collected. (0.76 g, 90%). 1H NMR (500 MHz, Chloroform-d) δ 9.01 (dd, J = 

2.4, 0.8 Hz, 1H), 8.89 – 8.87 (m, J = 1.8 Hz, 4H), 8.73 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 8.54 (dd, J 

= 8.2, 0.9 Hz, 1H), 8.47 (dt, J = 7.9, 1.1 Hz, 1H), 8.11 (dd, J = 8.2, 2.4 Hz, 1H), 7.91 – 7.83 (m, 

3H), 7.62 (d, J = 8.6 Hz, 1H), 7.56 – 7.46 (m, 3H), 7.35 (ddd, J = 7.5, 4.7, 1.2 Hz, 1H), 7.03 (d, J 

= 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H), 1.27 (d, J = 14.0 Hz, 1H). 

 

DtB-NDI-5-Phbpy-Re(CO)3-Cl  

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

compound DtB-NDI-5-Phbpy (0.30 g, 0.44 mmol), pentacarbonylchlororhenium(I) (0.25 g, 0.69 

mmol), and dichloromethane (30 mL).  The pressure flask was capped and brought out of the 

glovebox and heated to 80 °C overnight. The solution was cooled to room temperature and 150mL 

of N-heptane was added. Then dichloromethane was rotovapped from the solution. The remaining 

solution was then filtered and washed with N-heptane to yield the product. (0.40 g, 92%). 1H NMR 

(500 MHz, Chloroform-d) δ 9.33 (s, 1H), 9.14 – 9.09 (m, 1H), 8.89 (s, 4H), 8.30 (d, J = 1.4 Hz, 

2H), 8.24 (d, J = 8.0 Hz, 1H), 8.11 (td, J = 7.9, 1.6 Hz, 1H), 7.90 (d, J = 8.1 Hz, 2H), 7.65 – 7.54 

(m, 4H), 7.50 (dd, J = 8.7, 2.3 Hz, 1H), 7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H). 13C 

NMR (126 MHz, CDCl3) δ 163.87, 163.09, 155.62, 154.56, 153.48, 151.69, 150.58, 143.82, 
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139.78, 139.09, 137.28, 136.40, 135.65, 132.07, 131.82, 131.67, 130.17, 129.20, 128.80, 127.66, 

127.58, 127.52, 127.48, 127.25, 126.89, 123.30, 123.26, 35.74, 34.46, 31.90, 31.36. HRMS-ESI 

(m/z): (m/z): calculated C47H36ClN4O7Re [M+NH4]
+: 1008.2174, found 1008.2154 

 

[DtB-NDI-5-Phbpy-Re(CO)3-Py]PF6  

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

DtB-NDI-5-Phbpy-Re-Cl (0.20 g, 0.20 mmol), AgPF6 (0.08 g, 0.33 mmol), pyridine (30 mL). 

The pressure flask was capped and brought out of the glovebox and heated to 80 °C overnight. The 

solution was cooled to room temperature and 100 mL of DCM was added. The solution was then 

filtered. The solvent was removed under reduced pressure and then column chromatographed on 

silica using a gradient between dichloromethane and Acetone (100 → 90:10). The compound was 

then dissolved in minimal dichloromethane and layered with diethyl ether. Upon filtering, a bright 

yellow compound was obtained (0.15 g, 65%). 1H NMR (500 MHz, Chloroform-d) δ 9.25 (d, J = 

2.3 Hz, 1H), 9.10 – 9.05 (m, 1H), 8.90 (s, 4H), 8.70 (d, J = 8.5 Hz, 1H), 8.64 (d, J = 8.2 Hz, 1H), 

8.56 (dd, J = 8.4, 2.1 Hz, 1H), 8.34 (td, J = 8.0, 1.6 Hz, 1H), 8.16 (dt, J = 5.2, 1.5 Hz, 2H), 7.94 

(d, J = 8.3 Hz, 2H), 7.86 (tt, J = 7.7, 1.5 Hz, 1H), 7.77 – 7.70 (m, 1H), 7.65 – 7.57 (m, 3H), 7.51 

(dd, J = 8.6, 2.3 Hz, 1H), 7.45 – 7.38 (m, 2H), 7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 163.84, 163.11, 155.77, 154.62, 152.63, 151.68, 150.64, 150.59, 

143.82, 141.82, 141.05, 140.24, 139.84, 136.82, 135.06, 132.05, 131.87, 131.67, 130.34, 129.22, 
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128.97, 128.72, 127.65, 127.57, 127.53, 127.49, 126.92, 126.82, 126.33, 126.28, 35.75, 34.47, 

31.91, 31.36. HRMS-ESI (m/z): calculated C52H41N5O7Re [M −PF6]
+: 1034.2563, found 

1034.2563 

 

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, Phenylboronic 

acid (0.187, 1.534 mole), 5-Bromo-2,2′-bipyridine (0.30 g, 1.28 mmol), and Na2CO3 (1.02 g, 9.60 

mmol) were dissolved in THF (50 mL) and H2O (15 mL) and put under N2. After 15 minutes of 

purging, fresh Pd(PPh3)4 (0.07 g, 5% eq) was added via the second port and purged for 5 minutes. 

The solution was set to reflux overnight. The solution was cooled to room temperature and the 

solvent was removed under reduced pressure. The crude material was dissolved in 

dichloromethane and ran through a celite plug. The solvent was removed under reduced pressure. 

The compound was not purified further and a conversion of 100% was assumed for further 

purposes. 

 

In air with a reflux condenser attached to a round bottom flask with a magnetic stirrer was filled 

with 5-phenyl-2,2’-bipyridine (xx g, mmol), pentacarbonylchlororhenium(I) (xx g, xxx mmol), 

and toluene (30 mL).  The reaction was heated to reflux for 3 hours. The solution was cooled to 

room temperature and the solution was filtered. The solid was then washed with cold toluene to 

yield a bright yellow product. 1H NMR (500 MHz, Chloroform-d) δ 9.25 (t, J = 1.4 Hz, 1H), 9.09 
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(ddd, J = 5.5, 1.6, 0.8 Hz, 1H), 8.24 – 8.20 (m, 3H), 8.09 (td, J = 7.9, 1.6 Hz, 1H), 7.69 – 7.66 (m, 

2H), 7.59 – 7.53 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 155.77, 153.95, 153.41, 151.55, 140.76, 

139.01, 136.94, 134.63, 130.12, 129.83, 127.48, 127.06, 123.14, 123.07, 77.41, 77.16, 76.91. 

HRMS-ESI (m/z): calculated C19H12ClN2O3Re [[M]2+NH4]
+: 1094.053, found 1094.046. 

[[M]2+Na]+: 1099.009, found 1099.004. [M+Na]+: 560.999 found, 560.996. 

 

DtB-NDI-6-Phbpy  

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, DtB-NDI-

PhBpin (0.24 g, 0.037 mmol), 6-bromo-2,2’-bipyridyl (0.10 g, 0.43 mmol), and Na2CO3 (0.32 g, 

3.00 mmol) were dissolved in THF (80mL) and H2O (27 mL) and put under N2. After 15 minutes 

of purging, fresh Pd[PPh3]4 (0.02 g, 5% eq) was added via the second port and purged for 5 

minutes. The solution was set to reflux overnight. The solution was cooled to room temperature 

and the solvent was removed under reduced pressure. The product was extracted DCM and washed 

with H20 (2 x 100 mL). The DCM was removed under reduced pressure. The remaining solid was 
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then sonicated in copious amounts of MeOH and filtered. The remaining solid was collected. (0.10 

g, 63%). 1H NMR (500 MHz, Chloroform-d) δ 8.92 – 8.85 (m, 4H), 8.74 – 8.69 (m, 1H), 8.66 (d, 

J = 8.0 Hz, 1H), 8.44 (d, J = 7.8 Hz, 1H), 8.37 (d, J = 8.2 Hz, 2H), 7.95 (t, J = 7.8 Hz, 1H), 7.91 – 

7.83 (m, 2H), 7.62 (d, J = 8.6 Hz, 1H), 7.54 – 7.46 (m, 3H), 7.35 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 

7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H) 

 

DtB-NDI-6-Phbpy-Re(CO)3-Cl  

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

compound DtB-NDI-6-Phbpy (0.25 g, 0.36 mmol), pentacarbonylchlororhenium(I) (0.20 g, 0.54 

mmol), and dichloromethane (30 mL).  The pressure flask was capped and brought out of the 

glovebox and heated to 80 °C overnight. The solution was cooled to room temperature and was 

removing under reduced pressure. The remaining solution was then sonicated in copious amounts 

of MeOH and filtered, and then washed with pentanes to yield the product. (0.30 g, 85%). 1H 

NMR (500 MHz, Chloroform-d) δ 9.15 (d, J = 5.3 Hz, 1H), 8.93 – 8.85 (m, 4H), 8.28 (td, J = 6.0, 

2.9 Hz, 2H), 8.20 – 8.07 (m, 2H), 7.96 (bs, 1H), 7.85 (bs, 1H), 7.75 (dd, J = 7.6, 1.2 Hz, 1H), 7.62 
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- 7.55  (m, 4H), 7.58 – 7.47 (m, 1H), 7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H). 13C NMR 

(126 MHz, CDCl3) δ 163.95, 163.74, 163.05, 157.12, 156.97, 153.42, 150.55, 143.86, 142.04, 

139.09, 138.83, 136.57, 132.14, 131.77, 131.69, 129.18, 128.12, 127.69, 127.52, 127.47, 127.44, 

127.07, 126.91, 126.86, 123.96, 122.18, 35.74, 34.45, 31.91, 31.36. HRMS-ESI (m/z): calculated 

C47H36ClN4O7Re [M+NH4]
+: 1008.2174, found 1008.2155 

 

[DtB-NDI-6-Phbpy-Re(CO)3-Py]PF6  

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was filled with 

DtB-NDI-6-Phbpy-Re-Cl (0.10 g, 0.10 mmol), AgPF6 (0.03 g, 0.15 mmol), and pyridine (30 mL). 

The pressure flask was capped and brought out of the glovebox and heated to 80 °C overnight. The 

solution was cooled to room temperature and 100 mL of DCM was added. The solution was then 

filtered. The solvent was removed under reduced pressure and then column chromatographed on 

silica using a gradient between dichloromethane and ethyl acetate (100 → 70:30). The compound 

was then dissolved in minimal dichloromethane and layered with diethyl ether. Upon filtering, a 
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bright yellow compound was obtained (0.03 g, 26%). 1H NMR (500 MHz, Chloroform-d) δ 9.14 

(dd, J = 5.5, 1.5 Hz, 1H), 8.90 (d, J = 1.3 Hz, 4H), 8.60 – 8.50 (m, 2H), 8.38 – 8.30 (m, 2H), 7.96 

– 7.82 (m, 5H), 7.75 (ddd, J = 6.9, 5.4, 1.3 Hz, 1H), 7.67 (bs, 1H), 7.62 (d, J = 8.6 Hz, 2H), 7.58 

(bs, 1H), 7.50 (dd, J = 8.6, 2.2 Hz, 1H), 7.40 – 7.33 (m, 2H), 7.02 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 

1.29 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 163.84, 163.32, 163.05, 157.06, 156.29, 152.55, 

151.61, 150.60, 143.82, 141.86, 141.53, 141.45, 140.20, 137.40, 132.05, 131.86, 131.71, 129.67, 

129.21, 128.46, 127.64, 127.52, 127.48, 126.93, 126.83, 126.77, 124.75, 35.75, 34.46, 31.91, 

31.36. HRMS-ESI (m/z): calculated C52H41N5O7Re [M − PF6]
+: 1034.2563, found 1034.2557 

 

6-phenyl-2,2’-bipyridine  

In an oven dried round bottom flask with a magnetic stirrer and reflux condenser, (0.33 g, 2.78 

mmol), 6-bromo-2,2’-bipyridyl (0.5 g, 2.14 mmol), and Na2CO3 (1.8 g, xx mmol) were dissolved 

in THF (80mL) and H2O (27 mL) and put under N2. After 15 minutes of purging, fresh Pd(PPh3)4 

(0.24 g, 10% eq) was added via the second port and purged for 5 minutes. The solution was set to 

reflux overnight. The solution was cooled to room temperature and the solvent was removed under 

reduced pressure. The product was extracted DCM and washed with H2O (2 x 100 mL). The DCM 

was removed under reduced pressure. The remaining solid was then sonicated in copious amounts 

of N-heptane and filtered through celite. The solution of N-heptane was then rotovapped to 

dryness. The solid was then column chromatographed on silica using dichloromethane and acetone 

(100 → 95:5). The fractions were then collected and rotovapped to dryness. The solid was then 
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sonicated in pentanes and put into the freezer. The product was then collected via vacuum 

filtration. 

 

6-Phbpy-Re(CO)3-Cl  

In air with a reflux condenser attached to a round bottom flask with a magnetic stirrer was filled 

with 6-phenyl-2,2’-bipyridine, pentacarbonylchlororhenium(I) and toluene (30 mL).  The 

reaction was heated to reflux for 3 hours. The solution was cooled to room temperature and the 

solution was filtered. The solid was then washed with cold methanol to yield a bright yellow 

product. 1H NMR (500 MHz, Chloroform-d) δ 9.11 (d, J = 5.0 Hz, 1H, 6’-H), 8.25 – 8.20 (m, 2H, 

3, 3’-H), 8.10 – 8.06 (m, 2H, 4, 4’-H), 7.66 (bs, 2H, 8, 9-H), 7.63 (dd, J = 7.7, 1.2 Hz, 1H, 5-H), 

7.59 – 7.56 (m, 3H, 10, 11, 12-H), 7.55 – 7.51 (m, 1H, 5-H). 13C NMR (126 MHz, CDCl3) δ 

197.13 (CO), 192.84 (CO), 190.82 (CO), 164.73 (2-C), 157.28 (6-C), 156.55 (2’-C), 153.33 (6’-

C), 141.71 (7-C), 138.83 (4’-C), 138.76 (4-C), 130.37 (10,11,12-C), 129.35 (5-C), 127.94 (bs, 8,9-

C), 126.75 (5’-C), 123.88 (3-C), 121.82 (3’-C). HRMS-ESI (m/z): calculated C19H12ClN2O3Re 

[[M]2+NH4]
+: 1094.053, found 1094.049. [[M]2+Na]+: 1099.009, found 1099.006. [M+Na]+: 

560.999 found, 560.998. 
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5.8 Supplementary Details 

5.8.1 NMR Characterization 

 

Figure 5.12: 13C Dept-135 experiment of complex 9. 
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Figure 5.13: COSY NMR of complex 9. 

Figure 5.14: HSQC NMR of complex 9. 
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Figure 5.15: 1H NMRs of complexes 7-9. No broadening of protons is found in complexes 7 

or 8. All taken in CDCl3 
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Figure 5.16: 
1
H NMRs of complexes 4-6. No broadening of protons is found in complexes 4 

or 5. All taken in CDCl
3 (7.26ppm) 
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5.8.2 Fractional Atomic Coordinates and Equivalent Isotropic Displacement Parameters 

Table 5.9: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for complex 9. Ueq is defined as 1/3 of the trace of the orthogonalised 

UIJ tensor. 
Atom x y z U(eq) 

Re1 7033.6(2) 3953.3(2) 2709.1(2) 12.71(12) 

Cl1 10387.5(13) 3634.2(7) 3401.2(5) 19.5(2) 

O1 8181(5) 3890.9(19) 1047.5(18) 20.2(7) 

O3 6057(4) 1936(2) 2337.3(17) 21.7(6) 

O2 2860(4) 4385(3) 1893.9(18) 30.4(7) 

N1 6545(6) 3976(2) 3933(2) 15.7(8) 

N2 7728(5) 5375(2) 3137.5(18) 13.1(6) 

C16 6239(8) 5964(3) 1310(3) 22.3(10) 

C6 7817(5) 5500(3) 3943(2) 13.1(7) 

C3 6661(7) 3968(3) 5575(3) 21.4(10) 

C7 8401(6) 6318(3) 4329(3) 16.9(8) 

C17 7776(7) 3957(2) 1668(3) 14.8(10) 

C18 4403(7) 4252(3) 2218(2) 20.7(9) 

C2 5897(6) 3230(3) 5104(3) 22.4(9) 

C1 5863(6) 3257(3) 4288(2) 21.0(9) 

C5 7224(5) 4707(3) 4385(2) 14.9(8) 

Figure 5.17: 
1
H NMRs of complexes 1-3. No broadening of protons is found in complexes 1 

or 2. All 
1
H NMRs taken in CDCl

3 (7.26ppm) 
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C15 6086(8) 5943(3) 484(3) 28.1(11) 

C4 7306(5) 4715(3) 5211(2) 16.7(8) 

C19 6443(5) 2696(3) 2482(2) 15.7(8) 

C12 9678(8) 6048(3) 1491(3) 23.3(10) 

C11 8035(8) 6002(2) 1814(3) 17.8(10) 

C13 9540(9) 6020(3) 666(3) 30.1(12) 

C14 7753(11) 5964(3) 165(3) 34.9(14) 

C9 8809(6) 6928(3) 3066(2) 19.4(8) 

C10 8204(7) 6090(3) 2705(3) 17.1(10) 

C8 8917(6) 7041(3) 3886(2) 18.6(8) 
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5.8.3 Time-Resolved Visible, Near-infrared, and Mid-infrared Spectroscopy 

NDI-4Phbpy-ReCl

 

Figure 5.18: Top left: Electronic absorption spectrum of NDI-4Phbpy-ReCl in DMF 

without (black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-

4Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: Species-associated 

spectra obtained from global analysis of TA data using Singular Value Decomposition 

(SVD) kinetic traces. Best-fit lifetimes of each spectral component are given in the 

legend. Bottom right: Kinetic traces (solid) and fits (dashed) obtained by SVD of fsTA 

data. Best-fit lifetimes are given in the legend for the species-associated spectra. 
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Figure 5.19: Top left: FTIR spectrum of NDI-4Phbpy-ReCl in DMF. Bottom left: fsIR 

spectrum of NDI-4Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: 

Kinetic traces of the fsIR at the given frequencies. 
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NDI-4Phbpy-RePy

 

Figure 5.20: Top left: Electronic absorption spectrum of NDI-4Phbpy-RePy in DMF 

without (black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-

4Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: Species-associated 

spectra obtained from global analysis of TA data using Singular Value Decomposition 

(SVD) kinetic traces. Best-fit lifetimes of each spectral component are given in the 

legend. Bottom right: Kinetic traces (solid) and fits (dashed) obtained by SVD of fsTA 

data. Best-fit lifetimes are given in the legend for the species-associated spectra 
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Figure 5.21: Top left: FTIR spectrum of NDI-4Phbpy-RePy in DMF. Bottom left: fsIR 

spectrum of NDI-4Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: 

Kinetic traces and fits to the specified lifetime of the fsIR at the given frequencies. 
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NDI-5Phbpy-ReCl

 

Figure 5.22: Top left: Electronic absorption spectrum of NDI-5Phbpy-ReCl in DMF 

without (black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-

5Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: Species-associated 

spectra obtained from global analysis of TA data using Singular Value Decomposition 

(SVD) kinetic traces. Best-fit lifetimes of each spectral component are given in the 

legend. Bottom right: Kinetic traces (solid) and fits (dashed) obtained by SVD of fsTA 

data. Best-fit lifetimes are given in the legend for the species-associated spectra 
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Figure 5.23: Top left: FTIR spectrum of NDI-5Phbpy-ReCl in DMF. Bottom left: fsIR 

spectrum of NDI-5Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: 

Kinetic traces of the fsIR at the given frequencies. 
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NDI-5Phbpy-RePy

 

Figure 5.24: Top left: Electronic absorption spectrum of NDI-5Phbpy-RePy in DMF 

without (black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-

5Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: Species-associated 

spectra obtained from analysis of TA data using kinetic traces at multiple wavelengths. 

Best-fit lifetimes of each spectral component are given in the legend. Middle right: 

Calculated populations of each spectral component over time using lifetimes given. 

Bottom right: Kinetic traces and fits at given wavelengths 
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Figure 5.25: Top left: FTIR spectrum of NDI-5Phbpy-RePy in DMF. Bottom left: fsIR 

spectrum of NDI-5Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: 

Kinetic traces and fits to the specified lifetime of the fsIR at the given frequencies. 
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NDI-6Phbpy-ReCl

 

Figure 5.26: Top left: Electronic absorption spectrum of NDI-6Phbpy-ReCl in DMF 

without (black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-

6Phbpy-ReCl in DMF with excess TDAE (λex = 605 nm). Top right: Species-associated 

spectra obtained from global analysis of TA data using Singular Value Decomposition 

(SVD) kinetic traces. Best-fit lifetimes of each spectral component are given in the 

legend. Bottom right: Kinetic traces (solid) and fits (dashed) obtained by SVD of fsTA 

data. Best-fit lifetimes are given in the legend for the species-associated spectra 
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Figure 5.27. Top left: FTIR spectrum of NDI-6Phbpy-ReCl in 

DMF. Bottom left: fsIR spectrum of NDI-6Phbpy-ReCl in DMF 

with excess TDAE (λex = 605 nm). Top right: Kinetic traces of the 

fsIR at the given frequencies. 
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NDI-6Phbpy-RePy

 

Figure 5.28: Top left: Electronic absorption spectrum of NDI-6Phbpy-RePy in DMF 

without (black) and with (red) excess TDAE. Bottom left: fsTA spectrum of NDI-

6Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). Top right: Species-associated 

spectra obtained from global analysis of TA data using Singular Value Decomposition 

(SVD) kinetic traces. Best-fit lifetimes of each spectral component are given in the 

legend. Bottom right: Kinetic traces (solid) and fits (dashed) obtained by SVD of fsTA 

data.  Best-fit lifetimes are given in the legend for the species-associated spectra 
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Figure 5.29: Top left: FTIR spectrum of NDI-6Phbpy-RePy in DMF. Bottom left: 

fsIR spectrum of NDI-6Phbpy-RePy in DMF with excess TDAE (λex = 605 nm). 

Top right: Kinetic traces and fits to the specified lifetime of the fsIR at the given 

frequencies.        
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Chapter 6 Ten-thousand-fold Enhancement of Photoreduction 

Lifetime in Mn(bpy)(CO)3X Leading to Key Transient Intermediates 

via Substituent Location Dependence of a Naphthalene Diimide 

Radical Anion Chromophore 
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6.1 Introduction  

Over the past couple of decades, Re(bpy)(CO)3X has established itself as a prominent 

electro- and photocatalyst for selective CO2 reduction.22-23, 31, 63, 65, 104, 151, 164, 184, 200-201 However, 

the rarity, cost, and environmental ramifications of mining large quantities of rhenium is a major 

barrier to scaling up the usage of these catalysts. Recent research has pursued the substitution of 

Re with the more abundant transition metal Mn, yielding Mn(bpy)(CO)3X, a similarly active 

electrocatalyst.25-26  Mn(bpy)(CO)3X has also been investigated as the acceptor in diffusional 

photocatalytic systems, but the mechanism of such systems is not well understood.68, 202-203 The 

Mn-based catalysts are of considerable interest because they contain an earth-abundant first-row 

transition metal (manganese is 1.3 million times more abundant in the Earth’s crust than rhenium) 

and facilitate CO2 reduction with similar catalytic activity as Re counterparts but at ∼0.3 V lower 

overpotential.26 Since the Mn complexes offer the potential for scale-up, ongoing work has 

centered on elucidating the catalytic differences between the Re and Mn systems in order to 

optimize the Mn catalysts’ properties.66, 68, 204  

While the Mn catalysts appear analogous to the Re counterparts, the mechanism by which 

the precatalyst is converted to the active catalytic species differs,68 which has implications for the 

electro- and photocatalytic mechanisms for CO2 reduction that remain to be elucidated. For 

example, the first reduction of Mn(bpy)(CO)3X is considered metal center localized; this singly 

species releases the X ligand and quickly dimerizes to form a Mn0–Mn0 complex. Upon a second 

reduction the electrocatalytically active species Mn(0)(bpy•−)(CO)3 is formed. There is evidence 

suggesting this species is the photo-catalytically active species as well. Recent work has shown 

that including bulky substituents at the 6,6′ positions of bipyridine eliminates the propensity for 
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the Mn(bpy)(CO)3X complexes to dimerize.205 By contrast, in the Re complexes, the first reduction 

is bipyridine localized with the dimerization product on a much longer timescale.201 The 

Re(bpy)(CO)3X complex has a lower propensity to dimerize as the X ligand is much slower to 

dissociate upon one electron reduction. After a second reduction, the X ligand quickly dissociates 

to form [Re(0)(bpy•−)(CO)3]
–,201 the electrocatalytically active species. The photocatalytically 

active species is not known for certain, but the six-coordinate one-electron reduced species 

Re(bpy•−)(CO)3(CO2-TEOA) is thought to be a strong candidate.150 With regards to activating 

CO2, the Mn(bpy)(CO)3X complexes generally require an external Brønsted acid while the 

Re(bpy)(CO)3X complexes do not.26 

Recently, the electrocatalytic mechanism for CO2 reduction by Mn(bpy)(CO)3X has been 

studied while the photocatalytic mechanism has received less attention.66, 206 To gain insight into 

the possible intermediates formed during electro- or photocatalysis, in 2014, Wishart and co-

workers utilized pulse radiolysis with nanosecond time-resolved infrared (TRIR) spectroscopy to 

probe intermediates that could potentially be formed during reduction of CO2 by Mn(bpy)(CO)3X 

complexes.202 By starting with the derivative Mn(tBu2-bpy)(CO)3(OCHO) (tBu2-bpy = 4,4′-tBu2-

2,2′-bipyridine) and generating solvated electrons via pulse radiolysis, they observed the 

simultaneous reduction of Mn(tBu2-bpy)(CO)3(OCHO) to Mn(tBu2-bpy•−)(CO)3(OCHO) and 

Mn(0)(tBu2-bpy)(CO)3. Though it is hypothesized that Mn(tBu2-bpy)(CO)3(OCHO) converts into 

Mn(tBu2-bpy•−)(CO)3(OCHO) which then converts into Mn(0)(tBu2-bpy)(CO)3, direct evidence 

of these transitions were not possible because the earliest response time of the TRIR detection 

system was ~40 nanoseconds. The Mn(0)(tBu2-bpy)(CO)3 then proceeds to dimerize with another 

Mn(0)(tBu2-bpy)(CO)3 complex to form the Mn0-Mn0 dimer complex. As these experiments were 

conducted under argon, CO2 activation was not studied and by 1.5 milliseconds, the solution 
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converts entirely to the Mn0-Mn0 complex.  These assignments were supported by DFT-calculated 

IR spectra, showing agreement with the spectra collected from pulse radiolysis-TRIR spectra. 

Other work done by Chardon-Noblat have showed that a Mn(II) hydroxycarbonyl intermediate 

could be formed from the Mn0-Mn0 bound dimer under CO2 with a Brønsted acid, this was 

observed using electron paramagnetic resonance (EPR).69 Kubiak also synthesized Mn complexes 

with bulky substituents that undergo a “slow catalysis” and a “fast catalysis” where the “slow 

catalysis” route is believed to proceed through a Mn(II) hydroxycarbonyl intermediate.205, 207 

The first example of using Mn(bpy)(CO)3Br complexes for photodriven CO2 reduction 

were reported in 2014 by Ishitani.203 In a solution of DMF:TEOA (4:1, v:v) with Mn(bpy)(CO)3Br, 

[RuII(dmbpy)3]
2+, and 1-benzyl-1,4-dihydronicotinamide (BNAH), upon illumination with 480 nm 

light, formation of HCOOH and CO was observed. The photoreduction reaction with CO2 likely 

proceeds via a photoexcitation of the Mn0-Mn0 dimer, formed after one-electron reduction via 

thermal electron transfer from the reduced photosensitizer. Since the [Mn(bpy)(CO)3]2 can 

strongly absorb visible light, the induced homolysis of the Mn0-Mn0 dimer can yield a reactive Mn 

radical catalytic intermediate, Mn(0)(bpy)(CO)3, that is hypothesized to react with CO2 and initiate 

photocatalysis. Kubiak later studied Mn(bpy)(CO)3CN, a precatalyst that is analogous to 

Mn(bpy)(CO)3Br but instead avoids the dimer formation upon one electron reduction to form a 

stable Mn(0)(bpy)(CO)3CN complex.204, 208 Unlike the previous study that identified a Mn0–Mn0 

dimer upon one electron reduction, the singly reduced Mn(0)(bpy)(CO)3CN underwent a 

disproportionation reaction which instead generated Mn(0)(bpy•−)(CO)3, which is postulated to be 

the photoactive catalyst in this system that is seen in most electrocatalytic CO2 reduction systems. 
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While all of the photocatalytic systems utilizing Mn(bpy)(CO)3Br that demonstrate the reduction 

of CO2 proceed via a diffusional system (reduced photosensitizer encountering a Mn complex in 

solution via diffusion),66, 203, 206, 208-211 covalently attaching a 

chromophore to Mn(bpy)(CO)3Br to form dyad complexes 

allows for a more controlled observation of intermediates 

formed during the catalytic cycle.27, 190 This is very important 

as many intermediates, formed during catalysis, complicate 

the photocatalytic mechanism,104, 172, 174-175, 184, 200, 212-213 

especially since some intermediates are formed 

transiently.202, 214-215 Our recent work involved incorporating 

NDI•− and PDI•− chromophores to Re(bpy)(CO)3X  dyad complexes,191, 196-197, 216 where X is a Cl− 

or pyridine ligand as shown in  Figure 6.1. The NDI•− or PDI•− chromophores are all-organic 

chromophores that avoid the use of precious metal photosensitizers like [Ru(R-bpy)3]
2+ or 

[Ir(ppy)2(bpy)]+ and have higher excited state oxidation potentials.45, 140 By utilizing femto- and 

nanosecond transient absorption spectroscopy coupled with TRIR spectroscopy, we observed that 

upon excitation of NDI•− or PDI•− with visible/NIR light, *NDI•− or *PDI•− transferred an electron 

Figure 6.2: Photoexcitation of 

RDI•− (NDI•− or PDI•−) 

covalently attached to 

[Re(bpy)(CO)3(Py)][PF6] 

forms the transiently observed 

species [Re(RDI0-

bpy•−)(CO)3(Py)][PF6]. 

Figure 6.1: Photoexcitation of NDI•− within a molecular triad covalently attached to 

[Re(bpy)(CO)3(Py)][PF6] through a diphenyl anthracene intermediate acceptor to form 

the transiently observed species [Re(bpy•−)(CO)3(X)][PF6]. 
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to the covalently attached Re(bpy)(CO)3X to form Re(bpy•−)(CO)3X. By incorporating the 

intermediate acceptor diphenylanthracene to form triad complexes (Figure 6.2) we were able to 

increase the charge recombination lifetimes into the nanosecond or microsecond regime while 

forming Re(bpy•−)(CO)3X.196-197 These complexes demonstrate the first step in the catalytic 

mechanism for the photo- or electrocatalysis of CO2. As the analogous steps in the catalytic cycle 

for Mn(bpy)(CO)3X intermediates have not been studied before the 40-nanosecond time 

window,202, 215 we sought to utilize femto- and nanosecond time-resolved infrared spectroscopy to 

probe the transitions of the precatalyst to the proposed active catalyst(s). In particular, no clearly 

identified transition from Mn(bpy)(CO)3X to Mn(bpy•−)(CO)3X has been reported; we report the 

first direct evidence for the transition from Mn(bpy)(CO)3X to Mn(bpy•−)(CO)3X. Moreover, we 

report the first direct evidence for the transition from Mn(I)(bpy•−)(CO)3X to Mn(0)(bpy)(CO)3. 

These processes proceed via photoreduction from a covalently attached NDI•− via a phenyl bridge. 

In complexes where NDI•− is attached to Mn(bpy)(CO)3X via the 4- or 5-position of bipyridine, 

only the transition from Mn(bpy)(CO)3X to Mn(bpy•−)(CO)3X is observed. In the case where 

NDI•− is attached to Mn(bpy)(CO)3X via the 6-position of bipyridine, the transition from 

Mn(bpy)(CO)3X →  Mn(bpy•−)(CO)3X →  Mn(0)(bpy)(CO)3 is observed upon selective 

photoexcitation of NDI•− (λ = 605 nm). As a result, complexes with an NDI bound at the 6- position 

of the bipyridine ligand exhibit photoinduced charge-separated states ~105 times longer than 

complexes with an NDI bound at the 4- or 5- position of the bipyridine.  
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6.2 Experimental Details 

6.2.1 Materials 

Dichloromethane (DCM), acetonitrile (MeCN), and N,N-dimethylformamide (DMF) used 

for synthesis and spectroscopic experiments was dried on a commercial system (GlassContour, 

Laguna Beach, CA). For spectroscopy, DMF and MeCN was further transferred under argon into 

a N2-filled glovebox (MBraun Unilab) for use and storage. Carbon dioxide (Research Grade) was 

obtained from Airgas and used without further purification. Commercially available reagents were 

purchased from Sigma-Aldrich or Oakwood Chemicals and used as received. Compounds were 

reduced in the glovebox using tetrakis(dimethylamino)ethylene (TDAE) from Tokyo Chemical 

Industries. 

6.2.2 Steady-State Spectroscopy 

UV−vis spectra were acquired on a Shimadzu UV-1800 spectrophotometer at room 

temperature. The samples were normalized to the greatest peak. FT-IR spectra were measured on 

a Shimadzu IRAffinity spectrophotometer in absorbance mode at 2 cm−1 resolution. Samples were 

prepared  in DMF or MeCN under an argon atmosphere, contained in a liquid demountable cell 

(Harrick Scientific) with 2.0 mm thick CaF2 windows and 500 μm Teflon spacers.  

6.2.3 Electrochemistry 

Electrochemical measurements were performed using a CH Instruments Model 660A 

electrochemical workstation. A single-compartment cell was used for all cyclic voltammetry 

experiments with a 1.0 mm diameter glassy carbon disk working electrode, a platinum counter 

electrode, a silver wire pseudoreference electrode, and 0.1 M tetra-n-butylammonium 

hexafluorophosphate (TBAPF6) as the supporting electrolyte in DMF or MeCN. The 

ferrocene/ferrocenium redox couple (0.45 V vs SCE in DMF or 0.40 V vs SCE in MeCN)79 was 
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used as an internal standard. TBAPF6 was recrystallized twice from ethanol prior to use. 

Electrochemical cells were shielded from light during experiments and measurements done in the 

dark. All solutions were continuously purged with argon before and during the cyclic voltammetry 

experiments.  

6.2.4 Femtosecond Transient Vis/NIR Absorption Spectroscopy. 

Femtosecond transient absorption experiments were performed employing a regeneratively 

amplified Ti:sapphire laser system operating at 828 nm and a 1 kHz repetition rate as previously 

described.80-81 The output of the amplifier was frequency-doubled to 414 nm using a BBO crystal 

and the 414 nm pulses were used to pump a laboratory-built collinear optical parametric (OPA) 

amplifier for visible-light excitation82, 159 or a commercial non-collinear optical parametric 

amplifier (TOPAS-White, Light-Conversion, LLC.) for NIR excitation. Approximately 1-3 mW 

of the fundamental was focused into a sapphire disk to generate the visible white-light probe 

spanning 430-850 nm, into a 5 mm quartz cuvette containing a 1:1 mixture of H2O:D2O to 

generate a UV/visible white light probe spanning 385-750 nm, or into a proprietary medium 

(Ultrafast Systems, LLC) to generate the NIR white-light probe spanning 850-1620 nm. The total 

instrument response function was 300 fs. Experiments were performed at a randomized pump 

polarization to suppress contributions from orientational dynamics. Spectral and kinetic data were 

collected with a CMOS or InGaAs array detector for visible and NIR detection, respectively, and 

a 8 ns pump-probe delay track (customized Helios, Ultrafast Systems, LLC). Transient spectra 

were averaged for at least 3 seconds. Gaps shown in the spectra are due to either scattering of the 

pump or idler beam, or regions not covered by the detectors. Samples prepared in DMF had an 

absorbance of 0.2-0.7 at the excitation wavelength and were irradiated in 2 mm quartz cuvettes 
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with 0.4-0.8 μJ/pulse focused to ~0.2 mm diameter spot. Samples were stirred to avoid effects of 

local heating or sample degradation. The samples were prepared in the glovebox. The fsTA data 

were corrected for group delay dispersion, or chirp, and scattered light prior to the kinetic analysis 

using Surface Xplorer (Ultrafast Systems, LLC). The kinetic analysis was performed using home-

written programs in MATLAB121 and was based on a global fit to selected single-wavelength 

kinetics. The time resolution is given as w = 300 fs (full width at half-maximum); the assumption 

of a uniform instrument response across the frequency domain and a fixed time zero are implicit 

to global analysis. The data were globally fit either to specified kinetic models or a sum of 

exponentials. The data set was then deconvoluted with the resultant populations or amplitudes to 

reconstruct the species-associated or decay-associated spectra. Detailed descriptions of the kinetic 

models can be found in the Supporting Information. 

6.2.5 Nanosecond transient absorption spectroscopy.  

Nanosecond transient absorption experiments were performed using the femtosecond 

excitation beam described above and a commercial spectrometer (Eos, Ultrafast Systems, LLC) 

utilizing a photonic crystal fiber ultra-broadband probe source. The pump polarization was 

randomized to suppress rotational dynamics. Samples were stirred to avoid effects of local heating 

or sample degradation.  

6.2.6 Femtosecond time-resolved mid-IR spectroscopy.  

Femtosecond transient mid-IR absorption (fsIR) spectroscopy was performed using a 

commercial Ti:sapphire oscillator/amplifier (Solstice 3.5W, Spectra-Physics) to pump two optical 

parametric amplifiers (TOPAS-C, Light Conversion), one which provided a 100 fs, 605 nm 

excitation pulse and the other provided 100 fs pulses at 2150-1800 cm-1. The overall instrument 
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response was 300 fs. The spectra were acquired with a liquid N2-cooled dual channel (2 x 64) MCT 

array detector that is coupled to a Horiba HR320 monochromator as part of a Helios-IR 

spectrometer (Ultrafast Systems, LLC). Samples with a maximum optical density of 1.5 at the 

excitation wavelength were prepared in DMF or MeCN contained in a liquid demountable cell 

(Harrick Scientific) with 2.0 mm thick CaF2 windows and a 500 μm Teflon spacer. During data 

acquisition, the cell was mounted and rastered on a motorized stage to prevent sample degradation. 

6.2.7 Synthetic Characterization 

1H NMR spectra were recorded on a Bruker Avance 500 TCI Cryoprobe Spectrometer. 

Chemical shifts are recorded in ppm (δ) in CDCl3, MeCN-d3, DMF-d7, or CD2Cl2. 
13C NMR (126 

MHz) spectra were recorded using a Bruker Avance III QNP Cryoprobe with simultaneous 

decoupling of 1H nuclei and externally referenced to TMS set to 0 ppm. All spectra were recorded 

at 298 K. ESI-MS were performed by Northwestern University’s Integrated Molecular Structure 

Education and Research Center. 

6.3 Results 

6.3.1 Synthesis 

Complexes 1 (Mn(6-NDI-bpy)(CO)3Br), 2 ([Mn(6-NDI-bpy)(CO)3MeCN][PF6]), 3 

([Mn(6-NDI-bpy)(CO)3DMF][PF6], 4 (Mn(4-NDI-bpy)(CO)3Br), 5 (Mn(5-NDI-bpy)(CO)3Br),  

were synthesized as illustrated in Scheme 6.1 and detailed in 6.7. NDI-ph-Bpin191 was Suzuki 

coupled192 with the corresponding 4, 5, or 6-bromo-2,2’-bipyridine to form the corresponding 4, 

5, or 6-NDI-phenyl-2,2’-bipyridine (4-, 5-, or 6-NDI-bpy). The ligand was then refluxed in dry 

dichloromethane under argon with bromopentacarbonylmanganese(I) to form complexes 1, 4, or 

5. Complex 1 was then heated to 80oC in dry MeCN with silver hexafluorophosphate to form 



241 

 

complex 2. Complex 1 was also heated to 80oC in dry DCM with silver hexafluorophosphate, 

stirred in dry DMF/KPF6 to form complex 3. 

 

6.3.2 Electrochemistry 

Electrochemical experiments were performed on all complexes 1-5. Cyclic 

voltammograms on complexes 1-5 are shown in Figure 6.3 and Figure 6.4 with their reduction 

potentials summarized in Table 6.1.  

Complex 1 displays four reduction waves under cyclic voltammetry conditions. The third and 

fourth reductions are not well separated one from another, these reductions occur at -1.51 and -

1.54 V, respectively. Complex 2 displays four reduction waves under cyclic voltammetry 

Scheme 6.1: Synthetic scheme for complexes 1-5. 

(C) (B) 

Figure 6.3: Cyclic voltammograms of 1.0 mM solutions of (A) 1 in DMF (B) 2 in MeCN (C) 

3 in DMF, recorded at 100 mVs-1 at room temperature with 0.1 M TBAPF6 as supporting 

electrolyte. 
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conditions. Initial reduction of 2 leads to the first and second reduction of the NDI component of 

the ligand at -0.51 and -1.01 V, respectively. The third and fourth reductions are well separated 

from one other, these reductions occur at -1.28 and -1.62 V, respectively. Complex 3 displays three 

reduction waves under cyclic voltammetry conditions. Initial reduction of 3 leads to the first and 

second reduction of the NDI component of the ligand at -0.53 and -1.06 V, respectively. The third 

reduction occur at -1.47 V. Sweeping more negative resulted in no further reduction peaks.  

Complexes 4 and 5 display four separate reduction waves. Initial reduction of 4 leads to 

the first and second reduction of the NDI component of the ligand at -0.50 and -1.00 V, 

respectively. The third and fourth reductions are well separated one from another, these 

reductions occur at -1.36 and -1.55 V, respectively. On the reverse sweep there is an oxidation 

peak at -0.13 V. Initial reduction of 5 leads to the first and second reduction of the NDI 

component of the ligand at -0.50 and -1.01 V, respectively. The third and fourth reductions occur 

at -1.33 and -1.55 V, respectively. On the reverse sweep, there is an oxidation peak at -0.07 V. 

Table 6.1: Redox potentials of complexes 1-5 vs SCE (Fc/Fc+ reference at 0.45 V vs SCE in DMF 

and 0.40 V vs SCE in MeCN). 

(C) (B) (A) 

Figure 6.4: Cyclic voltammograms of 1.0 mM solutions in DMF of (A) 4 (B) 5 (C) 1, recorded 

at 100 mV s
-1 

at room temperature with 0.1 M TBAPF6 as supporting electrolyte. 
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 NDI0/− NDI−/2− MnI/0-X bpy0/− 

1a 

2a 

−0.51 

−0.55 

−1.00 

−1.01 

−1.51 

−1.28 

−1.57 

−1.62 

3b 

4a 

5a 

−0.53 

−0.50 

−0.50 

−1.06 

−1.00 

−1.01 

−1.47 

−1.36 

−1.33 

−1.47 

−1.55 

−1.55 

a - measured in DMF, b - measured in MeCN 

6.3.3 Electrocatalysis 

The electrocatalytic properties of 1-5 (1.0 mM in DMF or MeCN) with TBAPF6 electrolyte 

(0.1 M) were studied in a single-compartment cell with a glassy carbon working electrode, Pt 

counter electrode, and a silver reference electrode (potentials were then converted to SCE using 

ferrocene as an internal reference). The solutions were sparged for 15 min with carbon dioxide to 

yield a saturated solution (0.20 M or 0.28 M in DMF and MeCN, respectively).165 When the 

potential was swept negative with an external proton source (MeOH), a large increase in current 

was observed upon the last reduction of the complex (Figure 6.5), while the first three reduction 

waves were largely unchanged in the presence of CO2 and an external proton source. For 

complexes 4 and 5, much higher concentrations of MeOH were needed to induce catalysis under 

CO2, see Figures 6.22-6.23 
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To calculate the turnover frequency (TOF) of complexes 1-5, Eq. (1) and (2), which 

describe the catalytic current (Eq. (1)) and the current response in the absence of catalyst substrate 

(Eq. (2)), can be used to estimate each complex’s catalytic activity.217-218 By dividing Eq. (2) by 

Eq. (1), the resulting equation can be reorganized to solve for TOF (Eq. (3)). Similar work has 

been done by Kubiak to calculate the TOFs and compare similar Mn(R-bpy)(CO)3X and Re(R-

bpy)(CO)3X systems to one another.26, 205 

𝑖𝑝 =  0.4463(
𝐹

𝑅𝑇
)1/2𝑛𝑝

3/2𝐴𝐷𝑐[𝐶𝑝]𝑣
1/2 (1) 

𝑖𝑐𝑎𝑡 = 𝑛𝑐𝑎𝑡𝐹𝐴[𝐶𝑐𝑎𝑡](𝐷𝑐𝑘𝑐𝑎𝑡[𝑆]
𝑦)1/2 (2) 

𝑇𝑂𝐹 =  kcat[CO2] =
𝐹𝑣𝑛𝑝

3

𝑅𝑇
(
0.4463

𝑛𝑐𝑎𝑡
)2 (

𝑖𝑐𝑎𝑡

𝑖𝑝
)2  (3) 

In these equations, ip is the peak current in the absence of catalysis, icat is catalytic current, np is 

the number of electrons in the noncatalytic reaction (one for complexes 1-2 & 4-5, and two for 

complex 3), ncat is the number of electrons in the catalytic transformation (CO2 into CO requires 

two electrons), R is the universal gas constant, F is Faraday’s constant,  T is temperature in Kelvin, 

A is the surface area of the electrode, [Ccat] is the catalyst concentration under catalytic conditions 

(C) (B) (A) 

Figure 6.5: Cyclic voltammograms of a 1.0 mM solution of (A) complex 1 with 0.1 M 

TBAPF6 in DMF, (B) complex 2 with 0.1 M TBAPF6 in MeCN, (C) and complex 3 

with 0.1 M TBAPF6 in DMF under argon (black), saturated with CO2 (dashed red line) 

with  MeOH (3M). Scan rate: 100 mV s
-1

, glassy carbon electrode, platinum counter 

electrode, and silver reference wire. 
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(at peak icat/ip), [Cp] is the catalyst concentration without substrate, Dc is the diffusion constant of 

the species prior to the catalytically active species, kcat is the rate constant of the catalytic reaction, 

[S] is the substrate concentrations, y is the order of the substrates in the reactions ([CO2]
1[HX]2 in 

this case), and v is scan rate (0.1 V/s). These equations assume that the catalytic reaction is under 

pseudo-first-order conditions, with an excess of substrate compared to the catalysts. Surface area 

cancels out because the same electrode was used for experiments under argon and CO2, and in the 

current treatment Dc cancels out because we are assuming that the diffusion coefficient does not 

significantly change with the addition of the acid or CO2. Using equations 1-3, we can calculate 

icat/ip and TOF values for complexes 1-5 with added MeOH. For these calculations, ip is determined 

as the peak current under argon with an amount of MeOH corresponding to peak icat conditions. 

Addition of MeOH to a 1.0 mM solution of 1-3 to form a 3.0 M MeOH solution under CO2 resulted 

in a peak icat/ip = 3.9, 6.9, and 28.5, respectively. These values correspond to a TOF = 2.9, 9.0, and 

1258.4 s-1, respectively. The icat/ip and calculated TOF for complexes 1-5 are in Table 6.2. Scan 

rates and diffusion studies of complexes 1-5 are shown in Figure 6.16-6.20.  

Table 6.2: Comparison of icat/ip and TOF Values for complexes 1 – 5 with MeOH. 

compound [acid] (M) icat/ip TOF (s-1) 

1a 3.0 MeOH 3.9 2.9 

2b 3.0 MeOH 6.8 9.0 

3a 3.0 MeOH 28.5 1258.4 

4a 3.0 MeOH ~1.0 ~0.0 

5a 3.0 MeOH ~1.0 ~0.0 

a - measured in DMF, b - measured in MeCN. Solutions are saturated and under an atmosphere of CO2 with added 

MeOH. [CO2] is approximately 0.28 M in dry MeCN, 0.20 M in dry DMF, 0.27 M in 3.0 M MeOH. Data are taken 

from voltammograms at a scan rate of 100 mV s-1 while under argon or CO2. icat/ip values include a correction for the 

concentration change of the catalyst. 
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6.3.4 Electron Transfer Energetics 

Based on the redox potentials shown above, the Gibbs free energy for the excited state 

electron transfer reactions of complex 1•− - 5•− can be estimated using the following equation:  

∆𝐺ET =  𝐸(NDI•−/NDI)  − 𝐸(A•−/A) − 𝐸D1(
∗NDI•−)  (4) 

where E(NDI•−/NDI) is the reduction potential of NDI and E(A•−/A)  is the reduction potential  of 

the complex of interest, and ED1 is the energy of the *NDI•− excited state, assuming electron transfer 

occurs from the D1 state. The D1 ← D0 transition of NDI•−  absorbs at 785 nm, making ED1 = 1.58 

eV. There is no electrostatic work term for this reaction because the reaction is a charge shift, not 

a charge separation. In addition, there is no solvation correction term because the fsTA and 

electrochemical experiments are performed in the same high polarity solvent. The Gibbs free 

energy for the thermal forward and back electron transfer reactions can be estimated using the 

following equation: 

∆𝐺ET =  𝐸(A•−/A) −   𝐸(NDI•−/NDI)  (5) 

From the equations above, the Gibbs free energies for each electron transfer step are shown in 

Table 6.3 below. 
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6.3.5 Steady-State FTIR 

The FTIR spectra of complexes 1-5 (Figure 6.6 and Figure 6.7) were collected in the 

solution phase. The ν(CO) were tabulated in Table 6.4. Complexes 1-5 show three characteristic 

ν(CO) stretches for facially coordinated tricarbonyl complexes. It is known that the energies of 

and separation between the two lower-energy bands depends on the axial ligand X.194 Typically 

two well-developed bands are observed in complexes with halide- or O-coordinated ligands.194 

This is in agreement with the complex 1, 3-5 as the two lower bands are well separated by 16-29 

cm-1. On the other hand, the two lower bands are generally merged into one broad band if X is N-

coordinated like MeCN. This is in agreement with complex 2 with acetonitrile bound as the two 

lower bands are only separated by 8 cm-1. 

Table 6.3: Free energy changes for electron transfer reactions in complex 1•−- 5•−. 

compound process ∆G (eV) 

1•− *NDI•− → Mn(6-bpy)Br −0.58 

2•− *NDI•− → Mn(6-bpy)MeCN −0.85 

3•− *NDI•− → Mn(6-bpy)DMF −0.64 

4•− 

5•− 

*NDI•− → Mn(4-bpy)Br 

*NDI•− → Mn(5-bpy)Br 

−0.72 

−0.75 

1•− Mn•−(6-bpy)Br → NDI0 −1.00 

2•− Mn•−(6-bpy)MeCN → NDI0 −0.73 

3•− 

4•− 

5•− 

Mn•−(6-bpy)DMF → NDI0 

Mn(4-bpy•−)Br → NDI0 

Mn(5-bpy•−)Br → NDI0 

−0.94 

−1.05 

−1.05 

*Grayed out ligands indicate loss of halide before charge recombination, ligand or solvent is expected to 

recoordinate. 
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Table 6.4: FTIR CO stretches of 1-5 complexes. Complexes 1, 3-5 were dissolved in DMF and 

complex 2 in MeCN 

compound A′(1) A′(2)  A″ 

1a 

2b 

2024 

2047 

1939 

1959 

1910 

1951 

3a 

4a 

5a 

2037 

2023 

2024 

1949 

1932 

1933 

1926 

1916 

1917 

a - measured in DMF, b - measured in MeCN 

Figure 6.6: Resting state solution phase FTIR of complexes (A) 1 (DMF), (B) 2 (MeCN), 

and (C) 3 (DMF). 
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Figure 6.7: Resting state solution phase FTIR of complexes (A) 4 (DMF), (B) 5 (DMF) 
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6.3.6 Steady-State UV-Vis absorption 

The normalized steady-state electronic absorption spectra of 1, 2, and 3 are shown in Figure 

6.8. In complexes 1, 2, and 3, the Mn(bpy)(CO)3X LMCT absorption band is broad and tails out 

to ~500 nm.203 When TDAE is added to complex 1-3,  to form 1•−-3•−, the NDI absorptions 

disappear while the NDI•− absorptions appear at 471, 605, 700, and 785 nm.45 In the chemically 

reduced complexes 1•−-3•−, the Mn(bpy)(CO)3X LMCT band underlies the strong absorptions of 

NDI•−. Complexes 4 and 5 and their chemically reduced counterparts exhibit similar steady 

electronic absorption spectra as 1-3 and their chemically reduced counterparts and are shown in 

Figure 6.21. 

6.3.7 Transient Absorption Spectroscopy 

The intramolecular electron transfer behavior of complexes 1•−-5•− were investigated using 

pump-probe femtosecond transient absorption (fsTA) spectroscopy. Figures 6.9-6.11 display the 

fsTA spectra at selected time delays following selective photoexcitation of NDI•− with a pump 

pulse centered at 𝜆ex = 605 nm for each complex. Excitation of complex 1•−-5•− at 605 nm results 

in instantaneous bleaching of the ground-state absorptions of NDI•− at 473 nm, and the appearance 

of a broad absorption spanning the region 410 − 450 nm, corresponding to the induced absorptions 

of *NDI•–. As the *NDI•− features, visible only in the initial few timepoints (<1 ps delay times) 

Figure 6.8: Electronic absorption spectra of complex 1 (DMF), 2 (MeCN), and 3 

(DMF) with and without the TDAE reductant added. 
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decay, induced absorptions at 362 and 382 nm appear; this absorption corresponds to the 

absorption of NDI0, signifying photoinduced electron transfer to the metal complex. For 

complexes 4•− and 5•−, the data were best fit to an A → GS kinetic model composing of a single 

exponential decay with time constants of 𝜏A → GS = 3.4 ± 0.5 ps and 𝜏A → GS = 3.6 ± 0.1 ps, 

respectively. The species-associated spectra corresponding to species A are shown in Figure 6.9. 

The transient kinetics at selected wavelengths and population dynamics are shown in Figures 6.27-

6.28 For complexes 1•−-3•−, the data were best fit to an A → B → GS kinetic model consisting of 

two exponential decays. The first time constant for complexes 1•−-3•− was 𝜏A → B = 13.6 ± 0.1 ps, 

𝜏A → B = 25.1 ± 0.8 ps, and 𝜏A → B = 30.7 ± 0.3 ps, respectively. The second time constant for 

each complex was 𝜏B → GS = 3.0 ± 0.5 ns, 𝜏B → GS = 39.9 ± 0.7 ns, and 𝜏B → GS = 27.8 ±

0.2 ns, respectively. The species-associated spectra corresponding to species A and B are shown 

in Figures 6.10-6.11. The transient kinetics at selected wavelengths and population dynamics are 

shown in Figures 6.29-6.31. Since the time constant for the charge shift reaction is on the same 

order as the IRF (∼0.3 ps), these models neglect the initial charge shift reaction Mn(I)(6-*NDI•−-

bpy)(CO)3X → Mn(I)(6-NDI-bpy•−)(CO)3X because it could not be extracted accurately. The 

lifetimes and rates for each species are shown in Table 6.5. 

Table 6.5: Observed time constants and rates of electron transfer for complexes 1•− - 5•− 

 𝜏A → B 𝑘A → B (s-1) 𝜏B → GS 𝑘B → GS (s-1) 

1•− 13.6 ± 0.1 ps 7.35 x 1010 3.0 ± 0.5 ns 3.33 x 108 

2•− 25.1 ± 0.8 ps 3.98 x 1010 39.9 ± 0.7 ns 2.51 x 107 

3•− 30.7 ± 0.3 ps 3.26 x 1010 27.8 ± 0.2 ns 3.60 x 107 

 𝜏A → GS 𝑘A → GS (s-1)   

4•− 3.4 ± 0.5 ps 2.94 x 1011   

5•− 3.6 ± 0.1 ps 2.78 x 1011   
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Figure 6.9: (top row) (A) fsTA spectra of complex 4•− (B) fsTA spectra of complex 5•− 

(C), fsTA spectra of complex 1•−, (bottom row) (D) species-associate spectra for 

complex 4•− (E) species-associate spectra for complex 5•− (F) species-associate spectra 

for complex 1•−. λex = 605 nm, solvent = DMF.  
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Figure 6.10:. (top row) (A) fsTA spectra of complex 2•− (B) species-associated spectra 

(C), transient kinetics at selected wavelengths, (bottom row) (D) nsTA spectra of complex 

2•− (E) species-associated spectra for complex 2•− (F) nanosecond transient kinetics at 

selected wavelengths. λex = 605 nm, solvent = MeCN.  
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6.3.8 Time-resolved mid-IR Spectroscopy 

In the femtosecond time-resolved mid-IR transient absorption (TRIR) experiments, the 

CO-stretching region of the Mn(bpy)(CO)3X moiety (1850-2100 cm-1) were monitored. TRIR 

spectra and kinetic traces at selected energies are shown below in Figures 6.12-6.14. Complexes 

1•−, 4•−, and 5•− exhibited similar spectral features at early times, with only the kinetics differing 

from each complex, but at later times, complex 1•− displays a long-lived species. For example, in 

complexes 1•−, 4•− and 5•−, at early times, the ground-state absorptions bleach while induced 

absorptions appear with the same kinetics. In complexes 4•− and 5•−, these induced shifts decay 

back to the ground state within picoseconds. In complex 1•− the induced absorptions at 2003 cm-1 

Figure 6.11: (top row) (A) fsTA spectra of complex 3•− (B) species-associated spectra (C), 

transient kinetics at selected wavelengths, (bottom row) (D) nsTA spectra of complex 3•− 

(E) species-associated spectra for complex 3•− (F) nanosecond transient kinetics at selected 

wavelengths. λex = 605 nm, solvent = DMF.  
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and 1895 cm-1 decay, but instead of returning to the ground state, a new set of induced absorptions 

grow in at 1859 cm-1 and 1843 cm-1 with the same kinetics.  

 

Much like with complex 1•−, complexes 2•− and 3•−, that also have the NDI bound to the 6-

position of bipyridine, exhibited the same spectral features, with only the kinetics differing from 

complex to complex, Figures 6.11-6.12. For example, in complex 3•−, the ground-state absorptions 

at 2037 cm-1, 1949 cm-1, and 1926 cm-1 bleach with new induced absorptions appearing at 2008 

cm-1 and 1891 cm-1 with the same kinetics. These shifts shortly decay soon after and new induced 

absorptions grow in at 1954 cm-1 and 1845 cm-1 that persist for the remainder of the 8 ns time 

window. Complexes 2•− and 3•− were then fit for more accurate species given that the nanosecond 

transient absorption data illustrated a long lived second component. For complexes 2•− and 3•−, the 
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Figure 6.12: (top row) (A) TRIR spectra of complex 4•− (B) TRIR spectra of complex 

5•− (C), TRIR spectra of complex 1•−, (bottom row) (D) transient kinetics at selected 

ν(CO) of 4•− (E) transient kinetics at selected ν(CO) of 5•− (F) transient kinetics at 

selected ν(CO) of 1•−. λex = 605 nm, solvent = DMF.  
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data were best fit to an A → B → GS kinetic model composing of a two exponential decays with 

time constants of 𝜏A → GS = 30.0 ± 1.6 ps and 𝜏A → GS = 11.0 ± 0.5 ps, respectively. The second 

species was fit to a 𝜏B → GS = infinite for both complexes. 𝜏B → GS is set to infinite as the TRIR 

time window is only 8 ns, accurate lifetimes are given via nanosecond transient absorption 

spectroscopy.  

Figure 6.13: (top row) (A) TRIR spectra of complex 2•− (B) species-associated 

spectra (bottom row) (C) transient kinetics at selected ν(CO) (D) Singular value 

decomposition kinetic traces and fits based on the species-associated fits and 

lifetimes shown. λex = 605 nm, solvent = MeCN. 
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6.4 Discussion 

In complex 1, the last two reduction waves are close in potential and appear to be within 3 

mV (Figure 6.3), whereas in the typical Mn(bpy)(CO)3Br the same two reduction peaks are ~300 

mV apart. In the case of Mn(6,6′-dimesityl-bpy)(CO)3Br, where bulky mesityl substituents at the 

6,6′ positions of bipyridine block dimerization leads to both reductions of the metal complex to 

occur at the same reduction potential.  We expect the same as the phenyl substituent with an NDI 

attached is of significant bulk to block dimerization of two Mn(bpy)(CO)3 units. This is further 

evident on the reverse sweep in the cyclic voltammogram as the diagnostic oxidative cleavage of 

the dimer is not present. When MeOH is added to the solution while still under argon, the third 

and fourth reductions begin to become more distinct, with the Mn(I)(bpy•−)(CO)3 becoming 

Figure 6.14: (top row) (A) TRIR spectra of complex 3•− (B) species-associated spectra 

(bottom row) (C) transient kinetics at selected ν(CO) (D) Singular value decomposition 

kinetic traces and fits based on the species-associated fits and lifetimes. λex = 605 nm, 

solvent= DMF. 
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slightly more positive, see Figure 6.26. This is expected as the protons stabilize the reductions. 

This also illustrates that complex 1 is not catalytic with regards to proton reduction as there is no 

increase in current in MeOH. As a result, we assign the last two reductions of complex 1 to be the 

formation of Mn(0)(6-NDI2--bpy)(CO)3 and ultimately Mn(0)(6-NDI2--bpy•−)(CO)3. Complex 3 

more strongly resembles Mn(6,6′-dimesityl-bpy)(CO)3Br, where both bulky ligands lead to both 

reductions of the metal complex to occur simultaneously, Figure 6.3. Thus we assign the reduction 

peak at -1.47 V to be the simultaneous reduction and formation of Mn(0)(6-NDI2--bpy•−)(CO)3 

from Mn(I)(6-NDI2--bpy)(CO)3DMF. No diagnostic oxidative cleavage of the dimer was present 

in the cyclic voltammogram upon the reverse sweep after the reduction at -1.47 V.  

On the other hand, the cyclic voltammogram of complex 2 has two separate metal complex 

reductions which strongly resemble the CV of previously reported [Mn(tBu2-

bpy)(CO)3MeCN][OTf].  While one might suspect that the CV of complex 2 would more closely 

resemble the previously reported [Mn(6,6′-dimesityl-bpy)(CO)3MeCN]+, with the bulky 6,6′- 

substituents, the ν(CO) of complex 2 instead illustrate a similar electron density around the metal 

complex to that of [Mn(tBu2-bpy)(CO)3MeCN][(OTf], as the ν(CO) of [Mn(tBu2-

bpy)(CO)3MeCN][OTf] and complex 2 are similar in the resting state. On the other hand, the 

previously reported ν(CO) of [Mn(6,6′-dimesityl-bpy)(CO)3MeCN]+ match complexes 1 and 3, 

illustrating a similar electron density of the metal complexes in their resting state. This is further 

evident as the reductions of [Mn(6,6′-dimesityl-bpy)(CO)3MeCN]+, complex 1, and complex 3 all 

have both metal complex reductions occur simultaneously. Thus, we assign the reduction peak at 

-1.28 V to be Mn(0)(6-NDI2--bpy)(CO)3  and the reduction peak at -1.62 V to form Mn(0)(6-NDI2-

-bpy•−)(CO)3. Complex 4 and 5 have all four well-separated reductions (Figure 6.4), much like 

complex 2 and the previously reported Mn(tBu2-bpy)(CO)3Br. However, unlike complex 2, 
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complexes 4 and 5 have an oxidation wave that is observed in the CV of this complex. This wave 

is attributed to the oxidative cleavage of the Mn0−Mn0 dimer formed upon the third reduction of 

the complex Mn(0)(NDI2--bpy)(CO)3. Since the NDI-Ph- substituents are instead at the 4- and 5- 

position of bipyridine for complexes 4 and 5, they do not inhibit dimerization to the same extent 

as NDI-Ph- at the 6-postion of bipyridine. 

In the presence of CO2 and MeOH, complexes 1-3 were demonstrated to be electrocatalytic 

(Figure 6.5). When the potential was swept negative, a large increase in current was observed upon 

the last reduction of the complex, while the earlier reduction waves were largely unchanged in the 

presence of CO2 of MeOH. The class of Mn(bpy)(CO)3X catalysts is known to require an external 

proton source, while the analogous Re(bpy)(CO)3X catalysts typically do not. The final reduction 

of these complexes likely corresponds to the second reduction of the metal complex and forms the 

expected electrocatalytically active species, Mn(0)(bpy•−)(CO)3, that can bind and ultimately 

reduce CO2. At increasing MeOH concentration, a snapshot of the difference in catalytic activity 

is seen between complexes 1-3 with the catalytic trend being complex 3 > complex 2 > complex 

1. Complexes 4 and 5 were not catalytic until much higher concentrations of MeOH were used and 

are shown in Figures 6.22-6.23.  

The difference in CO2 reduction activity by complex 1 and complexes 4-5 is due to 

electronic effects. Complex 1, in comparison to complexes 4 and 5, has its third reduction 

(reduction of Mn(I) → Mn(0) and formation of Mn(0)(6-NDI2--bpy)(CO)3Br) at a more negative 

potential, indicating more electron density on the metal complex. Thus, the doubly reduced metal 

complex component of complex 1 is a stronger nucleophile and more readily binds and activates 

CO2. This is seen in similar Re(bpy)(CO)3X or Mn(bpy)(CO)3X complexes where making the 
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potentials of the metal complex more positive via changing the electronics on the bipyridine ring 

or changing the X ligand leads to a decrease in electro- or photocatalytic activity.31, 63 

The difference in CO2 reduction activity between complexes 1-3 is likely due to the 

electronic effects induced by the bound X, as the change in catalytic current is altered depending 

on the X ligand bound. Complex 3 illustrates the greatest catalytic TOF of 1258 s-1 while complex 

2 and complex 1 display lower TOFs (9 s-1  and 3 s-1, respectively) at 3M MeOH. A notable 

difference between complex 3 and complexes 1 or 2 is that the final reductions of complex 3 are 

simultaneous, whereas the metal complex reductions in complexes 1 and 2 are separated to some 

degree. As seen by Kubiak, Mn(bpy)(CO)3X derivatives that have simultaneous reductions of the 

metal complex have greater TOFs than those that have separate reductions (2000 s-1 for [Mn(6,6′-

dimesityl-bpy)(CO)3(MeCN)]+ vs 130 s-1 for Mn(tBu2-bpy)(CO)3X or 94 s-1 for [Re(tBu2-

bpy)(CO)3MeCN]+ with MeOH), this is similar to what’s seen in comparing complexes 1-3. 

Additionally, complex 3 (as well as complexes 1 and 2) begin to produce CO2 at the onset of its 

final reduction (with MeOH), which is in agreement with a doubly reduced metal complex, as 

Mn(0)(bpy•−)(CO)3 is commonly viewed as the electrocatalytic species. Under argon and MeOH, 

there is no current enhancement illustrating the complexes preference for CO2 reduction instead 

of proton reduction, Figure 6.25-6.26. 

Having confirmed that complexes 1•−-5•− can activate CO2, the electron transfer dynamics 

were probed using transient spectroscopy. Time-resolved mid-IR (TRIR) spectroscopy has been 

used to observe facile differentiation among the various oxidation and ligand-field states of 

Re(bpy)(CO)3X complexes, and recently been shown to be useful for identifying various oxidation 

states of Mn(bpy)(CO)3X, albeit after 40 ns. Using TRIR spectroscopy, upon excitation of NDI•− 

at 605 nm, we can determine the nature of the charge-shifted state produced with regard to the 
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bipyridine and Mn center, Figures 6.12-6.14. Excitation of complexes 1•−-5•− lead to a 

bathochromic shift of 25-45 cm-1 of the ν(CO). Previous results from Wishart demonstrate that at 

40 ns,202 two products exist upon pulse-radiolysis, these CO stretches were corroborated via DFT 

and matched  the ν(CO)  stretches to Mn(I)(bpy•−)(CO)3X, with the other set of ν(CO) 

corresponding to Mn(0)(bpy)(CO)3. Additionally, DFT calculations by Wishart of the ν(CO) for 

Mn(I)(bpy•−)(CO)3MeCN match the ν(CO) observed during TRIR of Mn(I)(6-NDI•−-

bpy)(CO)3MeCN →  Mn(I)(6-NDI0-bpy•−)(CO)3MeCN. Thus, we assign the initial photoreduction 

of 1•−-5•− to the formation of Mn(I)(6-NDI0-bpy•−)(CO)3X. This is expected as complexes 1•−-5•−, 

and their respective photoreduction products, maintain a Mn(I) metal center. Due to orbital overlap 

between the Mn(I) metal center and the bound bipyridine, the extra electron upon photoreduction 

resides largely in the π* orbitals of the bpy ligand. This results in additional electron density on 

the Mn center and increased π back-bonding into the π*(CO) antibonding orbitals and weakening 

the CO bonds.68, 202 Previous TRIR work done on the analogous Re(bpy)(CO)3X complex with a 

covalently attached NDI•− or [Ru(bpy)3]
2+ have illustrated a similar bathochromic shift of the 

ν(CO) stretches that correspond to the formation of Re(bpy•−)(CO)3X.188, 190 

In complexes 4•−-5•−, the initial induced ν(CO) depletes completely and returns to ground 

state, Figure 6.12. In complexes 1•−-3•−, the initial induced absorptions deplete completely, and a 

second set of induced absorptions appear with a bathochromic shift of 25-45 cm-1 of the ν(CO), 

Figures 6.13-6.14. The second set of ν(CO) that were observed by Wishart et al. and corroborated 

with DFT, illustrated the formation of Mn(0)(bpy)(CO)3. Thus, we assign these new induced 

absorptions to the LMCT of Mn(I)(bpy•−)(CO)3Br → Mn(0)(bpy)(CO)3 and the simultaneous loss 

of the X ligand. This is expected as the electron that resides on the bipyridine can charge-shift to 
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the bound Mn(I) metal center. A similar mechanism is seen in the analogous Re(bpy•−)(CO)3X, 

except in these complexes the transfer of the electron from bipyridine and the Re(I) metal center 

is extremely slow.65 It is well known that upon the first reduction Mn(I)(bpy)(CO)3X, the X ligand 

quickly dissociates, and a Mn0-Mn0 dimerized product is formed. As noted by the cyclic 

voltammetry experiments of complexes 1-3, Figure 3, the NDI-Ph- substituent at the 6-position of 

bipyridine is sufficient to block dimerization; as a result we expect the Mn(0)(6-NDI-bpy)(CO)3 

to return to Mn(I)(6-NDI•−-bpy)(CO)3X instead of forming the dimerized product. Recent pulse 

radiolysis and TRIR done by Rochford et al on Mn(6,6′-dimesityl-bpy)(CO)3X demonstrated that 

at ~3 µs, the bulky complex does not form the dimerized product.215  

As seen by the TRIR spectra, Figures 6.12-6.14, complexes 4•−  and 5•− immediately return 

to ground state while complexes 1•−-3•− proceed to form a new species as indicated by the shift in 

ν(CO) stretches. Looking at the fsTA spectra and the species-associated spectra for complexes 4•− 

and 5•−, Figure 6.9, we see that the charge separated species return back to ground state with 

lifetimes of ~3 ps, while in complexes 1•−-3•−, the charge separated species decay with lifetimes 

between 15-30 ps, Figures 6.9-6.11. Since the charge separated state persists for an order of 

magnitude longer in complexes 1•−-3•−  than in 4•−-5•−, this must be ample time for the complex to 

favor a charge shift to the metal center instead of back electron transfer. The 6-position of 

bipyridine is likely more decoupled from NDI-Ph- than the 4- and 5- positions of bipyridine. This 

is evident in the cyclic voltammogram as the reduction of Mn(I) → Mn(0) for complexes 1 and 3 

is ~180 mV more positive than for complexes 4 and 5. This is due to the extended conjugation of 

the bound bipyridine with the phenyl substituent; similar electronic effects have been seen in the 

analogous Re(I)(4-NDI•−-bpy)(CO)3X complexes as well as many other Re(I)(4-R-bpy)(CO)3X 
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complexes.22, 147, 190, 219 However, when complex 2 is compared to vs complexes 4 and 5, the 

reduction potentials for Mn(I) → Mn(0) are similar, Table 6.1. This is because complex 2 has a 

MeCN (an N-bonding ligand) that is bound directly to Mn, making the complex cationic.26 Such 

complexes have a more positive Mn(I) → Mn(0) reduction than the neutral complex counterparts 

with Br- or the cationic complexes with O-bonding ligands. Likely through a combination of 

electronic effects and charge separated lifetimes caused through binding of the NDI-Ph- to the 6-

position of bipyridine, complexes 1•−-3•− go on to form the Mn(0)(bpy)(CO)3 as observed in TRIR, 

unlike complexes 4•−-5•−. 

To support the TRIR observations, femto/nanosecond TA was employed to monitor the 

electron transfer dynamics from the viewpoint of the NDI chromophore, Figure 6.9. For complexes 

4•− and 5•−, following excitation at 𝜆ex = 605 nm, the photoinduced charge shift dynamics were fit 

to an A → GS model, where A represents the photoinduced charge-shifted species Mn(I)(4-NDI0-

bpy•−)(CO)3Br or Mn(I)(5-NDI0-bpy•−)(CO)3Br and GS represents the ground state, Mn(I)(4-

NDI•−-bpy)(CO)3Br or Mn(I)(5-NDI•−-bpy)(CO)3Br. Observation of the induced absorptions of 

NDI0 and concomitant growth of induced absorptions in the mid-IR characteristic of the bpy-

localized reduction of the Mn(bpy)(CO)3Br moiety support the model of a single photoinduced 

electron transfer event to form species A. For complexes 1•−-3•−, following excitation at 𝜆ex = 605 

nm, the photoinduced charge shift dynamics were fit to an A → B → GS model, where A represents 

the photoinduced species Mn(I)(6-NDI0-bpy•−)(CO)3X, B represents the product of a second 

charge shift to form species Mn(0)(6-NDI0-bpy)(CO)3, and GS represents the ground state 

Mn(I)(6-NDI•−-bpy)(CO)3X formed by back-electron transfer. As in 4•− and 5•−, for complexes 1•−-

3•−, observation of the induced absorptions of NDI0 and concomitant growth of induced 
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absorptions in the mid-IR characteristic of a bpy-localized reduction of the Mn(Bpy)(CO)3Br 

moiety indicate that Mn(I)(6-NDI0-bpy•−)(CO)3X is species A. The observation of species B, 

Mn(0)(6-NDI0-bpy)(CO)3, is corroborated by a second component in the species-associated fitting 

along with a second set of induced absorptions seen by TRIR that have characteristics of a Mn-

localized reduction. The results are summarized in the Jablonski diagram, Figure 6.15. 

Complexes 4•−- 5•− display similar TRIR features reported by us in the analogous [Re(I)(4-

NDI•−-bpy)(CO)3(Pyridine)][PF6] complex, though in our earlier work with Re complexes the 

charge recombination lifetime for the  photoreduction product, [Re(I)(4-NDI0-

bpy•−)(CO)3(Pyridine)][PF6], as determined by fsTA, is approximately an order of magnitude 

longer (𝜏𝐶𝑅 = 31.8 ± 0.8 ps)  than in complexes 4•−-5•− (𝜏𝐶𝑅 = 3.4 ± 0.5 ps and 𝜏𝐶𝑅 = 3.6 ± 0.1 

ps, respectively). These complexes exhibit charge recombination lifetimes that are too short to 

compete with diffusion-limited CO2 binding. In our previous complexes where an intermediate 

acceptor was employed, the back-electron transfer lifetime was lengthened significantly. For 

example, [Re(I)(4-bpy)(CO)3(Pyridine-DPA-NDI•−)][PF6] and Re(I)(4-NDI•−-DPA-bpy)(CO)3Cl, 

the charge recombination lifetime for the photoreduction products are 𝜏𝐶𝑅 = 43.4 ± 1.2 µs and 

𝜏𝐶𝑅 = 24.5 ± 0.2 ns, respectively. While the CR lifetime in [Re(I)(4-bpy)(CO)3(Pyridine-DPA-

NDI•−)][PF6] is long enough to compete with diffusion-limited CO2 binding, this compound is 

unsuitable for photocatalytic reduction of CO2 because the pyridine ligand typically dissociates 

upon initial reduction of the metal complex. Like Re(I)(4-NDI•−-DPA-bpy)(CO)3Cl, in complexes 

2•−- 3•−, by nanosecond TA, the charge recombination lifetime for the photoreduction products are 

𝜏𝐶𝑅 = 39.9 ± 0.7ns and 𝜏𝐶𝑅 = 27.8 ± 0.2 ns, respectively. Simply by attaching the NDI-Ph to the 

6-position of bipyridine and utilizing the difference in reduction pathways of Mn(bpy)(CO)3X, we 
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are able to achieve photoreduction lifetimes that can compete with diffusion-limited CO2 binding 

without creating a triad system. These photocatalytic experiments are currently underway in our 

lab. 

 

6.5 Conclusion 

In this report, we have described a series of complexes that consist of a reduced NDI 

chromophore and a Mn(bpy)(CO)3X terminal acceptor. By binding the NDI to the 4- or 5- position 

of the ligated bipyridine, excitation of the NDI•− with visible light led to reduction of the bpy ligand 

and formation of Mn(bpy•−)(CO)3X. By binding the NDI to the 6- position of bipyridine, excitation 

of the NDI•− led to the formation of Mn(bpy•−)(CO)3X, which charge shifted to the Mn metal center 

to ultimately form Mn(0)(bpy)(CO)3. The reduced 4- and 5- Mn complexes persisted into the 

picosecond region while the 6-Mn complexes persisted into the nanosecond region. These 

assignments were corroborated with femto- and nanosecond time-resolved visible and mid-

infrared spectroscopy. Additionally, these complexes demonstrate electrochemical reduction of 

CO2 under typical electrocatalytic conditions with the addition of a proton source. The TOF of the  

Mn(6-NDI-bpy)(CO)3X was observed to increase from 2.9 s-1  to 1258.4 s-1 when the X ligand was 

exchanged from Br to DMF. 
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Figure 6.15: Jablonski diagram of 1•−- 5•− upon excitation (λ = 605 nm). 
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This is the first study that illustrates the mechanism for photoreduction of the 

Mn(bpy)(CO)3X CO2 reduction catalyst with a covalently attached chromophore. In the studies of 

the mechanism of photocatalytic CO2 reduction by Mn diimine complexes, reduction of the 

diimine  and sequential electron transfer to the Mn center has been shown to be the step that 

initiates formation of a five-coordinate complex capable of binding CO2.
203 By following the 

photoreduction mechanism via femto/nanosecond transient absorption and time-resolved IR, we 

are able to observe the transient species formed. This work demonstrates and elucidates the initial 

photosensitization of these complexes and the proceeding charge shift to the Mn center. Donor-

acceptor assemblies are an effective strategy for observing early these intermediates and by taking 

advantage of the molecular dynamics can facilitate in long-lived species. Future work in our 

laboratory will investigate the photoelectrocatalytic properties of the 6-Mn complexes under a CO2 

atmosphere as these complexes are on the timescale to compete with CO2 binding. Additionally 

towards modifying complexes such that they can be attached to an electrode surface,220 allowing 

for generation and regeneration of the NDI•− via electrochemical processes, eliminating the need 

of sacrificial reagents in catalytic cycles.141 
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6.7 Synthetic Details 

 

Complex 4 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was 

filled with compound 4-NDI-phenyl-2,2’-bipyridine (1.00 g, 1.46 mmol), 

Bromopentacarbonylmanganese(I) (0.41 g, 1.50 mmol), and DCM (30 mL).  The pressure flask 

was capped, wrapped in aluminum foil, and brought out of the glovebox and heated to 80 °C 

overnight. The solution was cooled to room temperature, and N-heptane was added to the solution, 

yielding a yellow precipitate. The DCM was removed by reduced pressure and the solution filtered 

to recover the yellow precipitate. All manipulations were done in the dark. Yield 1.02g, 78%. 1H 

NMR (500 MHz, Chloroform-d) δ 9.31 (t, J = 5.1 Hz, 2H), 8.90 (s, 4H), 8.27 (d, J = 19.9 Hz, 2H), 

7.99 (s, 1H), 7.88 (s, 2H), 7.72 (d, J = 5.7 Hz, 1H), 7.62 (d, J = 8.6 Hz, 1H), 7.59 – 7.48 (m, 4H), 
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7.03 (d, J = 2.2 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 163.84, 163.14, 

156.14, 155.68, 154.08, 153.93, 150.60, 150.09, 143.80, 138.34, 137.17, 136.79, 132.04, 131.85, 

131.69, 130.06, 129.22, 128.69, 127.64, 127.53, 127.50, 126.93, 126.85, 126.43, 124.30, 122.56, 

120.39, 35.75, 34.46, 31.91, 31.36. HRMS-ESI (m/z): calculated C47H36BrMnN4O7 [M+Na+]+: 

925.1046, found [M+Na+]+ 925.1044. 

 

 

Complex 5 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was 

filled with compound 5-NDI-phenyl-2,2’-bipyridine (1.00 g, 1.46 mmol), 

Bromopentacarbonylmanganese(I) (0.41 g, 1.50 mmol), and DCM (30 mL).  The pressure flask 

was capped, wrapped in aluminum foil, and brought out of the glovebox and heated to 80 °C 

overnight. The solution was cooled to room temperature, and N-heptane was added to the solution, 

yielding a yellow precipitate. The DCM was removed by reduced pressure and the solution filtered 

to recover the yellow precipitate. All manipulations were done in the dark. Yield 0.79g, 60%. 1H 

NMR (500 MHz, Chloroform-d) δ 9.53 (s, 1H), 9.31 (d, J = 5.3 Hz, 1H), 8.90 (s, 4H), 8.20 (d, J 

= 34.3 Hz, 3H), 8.03 (t, J = 7.6 Hz, 1H), 7.92 (d, J = 7.1 Hz, 2H), 7.62 (d, J = 8.6 Hz, 1H), 7.60 – 

7.54 (m, 3H), 7.50 (dd, J = 8.6, 2.2 Hz, 1H), 7.03 (d, J = 2.3 Hz, 1H), 1.34 (s, 9H), 1.29 (s, 9H). 

13C NMR (126 MHz, CDCl3) δ 163.87, 155.46, 154.49, 153.93, 152.11, 150.57, 143.81, 138.71, 

138.40, 136.80, 136.26, 136.11, 132.06, 131.81, 131.64, 130.07, 129.19, 128.81, 127.66, 127.57, 
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127.45, 126.90, 126.34, 122.64, 35.73, 34.44, 31.89, 31.78, 31.34, -6.88. HRMS-ESI (m/z): 

calculated C47H36BrMnN4O7 [M+Na+]+: 925.1046, found [M+Na+]+ 925.1050. 

 

 

Complex 1 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was 

filled with compound 6-NDI-phenyl-2,2’-bipyridine (1.00 g, 1.46 mmol), 

Bromopentacarbonylmanganese(I) (0.41 g, 1.50 mmol), and DCM (30 mL).  The pressure flask 

was capped and brought out of the glovebox, wrapped in aluminum foil, and heated to 80 °C 

overnight. The solution was cooled to room temperature, and N-heptane was added to the solution, 

yielding a yellow precipitate. The DCM was removed by reduced pressure and the solution filtered 

to recover the yellow precipitate. All manipulations were done in the dark. Yield: 1.18g, 90%. 1H 

NMR (500 MHz, Chloroform-d) δ 9.30 (d, J = 5.5 Hz, 1H), 8.87 – 8.91 (m, 4H), 8.20 (d, J = 8.1 

Hz, 2H), 8.09 – 8.02 (m, 2H), 7.84 (s, 1H), 7.69 – 7.50 (m, 6H), 7.02 (d, J = 2.3 Hz, 1H), 1.34 (s, 

9H), 1.29 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 216.72, 164.99, 163.93, 163.04, 157.28, 156.67, 

153.54, 150.53, 143.83, 142.52, 138.37, 138.25, 136.44, 132.12, 131.73, 131.67, 130.92, 130.40, 

129.82, 129.16, 127.74, 127.67, 127.51, 127.46, 127.44, 127.05, 126.84, 125.87, 123.06, 121.28, 
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96.25, 35.73, 34.44, 31.89, 31.35. HRMS-ESI (m/z): calculated C47H36BrMnN4O7 [M+Na+]+: 

925.1046, found [M+Na+]+ 925.1040. 

 

 

Complex 2 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was 

filled with compound Mn(6-NDI-bpy)(CO)3Br (0.05 g, 0.055 mmol), AgPf6 (0.015 g, 0.060 

mmol), and acetonitrile (25 mL). The pressure flask was capped, wrapped in aluminum foil, 

brought out of the glovebox, and heated to 80 °C overnight. The solution was cooled to room 

temperature and filtered through Celite. Acetonitrile was removed under reduced pressure and the 

material was dissolved in minimal DCM and filtered through Celite once again. N-heptane was 

added to the filtrate and a bright yellow complex precipitated and was collected via filtration. All 

manipulations were done in the dark. Yield: 0.05g, 90%. 1H NMR (500 MHz, Acetonitrile-d3) δ 

9.17 (s, 1H), 8.77 (s, 4H), 8.45 (s, 2H), 8.26 (s, 2H), 7.81 (s, 3H), 7.75 – 7.43 (m, 5H), 7.26 (s, 

1H), 2.06 (s, 3H), 1.29 (s, 9H), 1.29 (s, 9H). 13C NMR (126 MHz, CD3CN) δ 165.99, 165.29, 

164.15, 158.13, 157.30, 155.10, 151.44, 145.17, 143.26, 141.20, 141.08, 138.66, 134.25, 132.02, 

131.92, 131.07, 130.62, 130.05, 129.94, 129.08, 128.54, 128.34, 128.27, 127.24, 125.32, 123.50, 
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36.26, 35.06, 32.02, 31.49, 30.97. HRMS-ESI (m/z): calculated C49H39F6MnN5O7P [M-PF6
+]+: 

864.2230, found [M-PF6
+]+ 864.2212. 

 

Complex 3 

In a nitrogen filled glove box, an oven dried pressure flask with a magnetic stirrer was 

filled with compound Mn(6-NDI-bpy)(CO)3Br (0.05 g, 0.055 mmol), AgPf6 (0.015 g, 0.060 

mmol), and dichloromethane (15 mL). The pressure flask was capped, wrapped in aluminum foil, 

brought out of the glovebox, and heated to 80 °C overnight. The solution was cooled to room 

temperature and returned to the glovebox. DMF (15 mL) and KPF6 (0.011g, 0.06mmol) was added 

to the pressure flask and brought out of the glovebox and allowed to stir overnight at room 

temperature. The mixture was then filtered through Celite and the solvents removed under reduced 

pressure. The material was dissolved in minimal DCM and filtered through Celite once again. N-

heptane was added to the filtrate. A yellow complex precipitated and was collected via filtration. 

All manipulations were done in the dark. Yield: 0.054g, 95%. 1H NMR (500 MHz, Methylene 

Chloride-d2) δ 9.21 (s, 1H), 8.87 (s, 4H), 8.44 – 8.36 (m, 2H), 8.32 – 8.22 (m, 2H), 8.01 – 7.80 (m, 

2H), 7.75 – 7.60 (m, 4H), 7.58 – 7.42 (m, 2H), 7.05 (s, 1H), 1.34 (s, 9H), 1.27 (s, 9H). 13C NMR 

(126 MHz, CD2Cl2) δ 166.77, 165.07, 164.26, 163.32, 157.68, 156.90, 153.67, 153.34, 151.02, 

144.57, 142.19, 140.85, 140.80, 137.70, 132.95, 131.81, 131.76, 129.49, 128.70, 128.03, 127.79, 
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127.29, 127.20, 126.92, 124.61, 122.42, 78.00, 77.74, 77.49, 54.27, 54.06, 53.84, 53.62, 53.41, 

38.61, 35.90, 34.62, 32.94, 31.88, 31.34. HRMS-ESI (m/z): calculated C50H43F6MnN5O8P [M-

PF6
+]+: 896.2492, found [M-PF6

+]+ 896.2480. 

6.8 Variable Scan Rates & Plots 

 

 

Figure 6.16: A) Cyclic voltammograms of 1.0 mM Complex 4 in N,N-DMF with 0.1 

M TBAPF6 solution under Argon saturation, showing response to variable scan rate. B) 

Variable scan rate plots of Complex 4. Working electrode is glassy carbon (3 mm 

diameter), counter electrode is Pt, and pseudoreference is Ag wire. 

 

0.5 0.0 -0.5 -1.0 -1.5 -2.0
-50

-40

-30

-20

-10

0

10

20

30

40

50

60

Mn(4-NDI-bpy)(CO)
3
Br

C
u
rr

e
n
t 
(m


)

Potential (V vs Ag wire)

 25 mV s
-1

 50 mV s
-1

 100 mV s
-1

 200 mV s
-1

 400 mV s
-1

 800 mV s
-1

5 10 15 20 25 30

0

10

20

30

40

50

y = 1.80 v 
1/2 

+ -2.7

R
2
=0.998

y = 1.21 v 
1/2 

+ -1.82

R
2
=0.998

y = 1.55 v 
1/2 

+ 0.75

R
2
=0.999

y = 1.69 v 
1/2 

+ 0.16

R
2
=0.998

Mn(4-NDI-bpy)(CO)
3
Br

 First Reduction

 Second Reduction

 Third Reduction

 Fourth Reduction

i 
(

A
)

V
1/2 

(s
1/2

)



272 

 

 

 

Figure 6.17: A) Cyclic voltammograms of 1.0 mM Complex 5 in N,N-DMF with 0.1 

M TBAPF6 solution under Argon saturation, showing response to variable scan rate. B) 

Variable scan rate plots of Complex 5. Working electrode is glassy carbon (3 mm 

diameter), counter electrode is Pt, and pseudoreference is Ag wire. 
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Figure 6.18: A) Cyclic voltammograms of 1.0 mM Complex 1 in N,N-DMF with 0.1 

M TBAPF6 solution under Argon saturation, showing response to variable scan rate. B) 

Variable scan rate plots of Complex 1. Working electrode is glassy carbon (3 mm 

diameter), counter electrode is Pt, and pseudoreference is Ag wire. 
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Figure 6.19: A) Cyclic voltammograms of 1.0 mM Complex 2 in MeCN with 0.1 M 

TBAPF6 solution under Argon saturation, showing response to variable scan rate. B) 

Variable scan rate plots of Complex 2. Working electrode is glassy carbon (3 mm 

diameter), counter electrode is Pt, and pseudoreference is Ag wire. 
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Figure 6.20: A) Cyclic voltammograms of 1.0 mM Complex 3 in N,N-DMF with 0.1 

M TBAPF6 solution under Argon saturation, showing response to variable scan rate. B) 

Variable scan rate plots of Complex 3. Working electrode is glassy carbon (3 mm 

diameter), counter electrode is Pt, and pseudoreference is Ag wire. 
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6.9 Supplementary Details 

6.9.1 Electronic Absorption 

 

6.9.2 Electrochemical Studies 
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Figure 6.21: A) Electronic absorption spectra of complex 4 (DMF) with and without the TDAE 

reductant added. B) Electronic absorption spectra of complex 5 (DMF) with and without the 

TDAE reductant added. 
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Figure 6.22: Cyclic voltammograms of a 1.0 mM solution of complex 4 with 0.1 M TBAPF
6
 

in DMF, under argon (black), saturated with CO
2
 (dashed red line) with MeOH (3 M, 6 M, 12 

M, respectively). Scan rate: 100 mVs
-1

, glassy carbon electrode, platinum counter electrode, and 

silver reference wire. 
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Figure 6.23: Cyclic voltammograms of a 1.0 mM solution of complex 5 with 0.1 M 

TBAPF6 in DMF, under argon (black), saturated with CO2 (dashed red line) with MeOH 

(3 M, 6 M, 12 M, respectively). Scan rate: 100 mVs
-1

, glassy carbon electrode, platinum 

counter electrode, and silver reference wire. 
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Figure 6.24: Cyclic voltammograms of a 1.0 mM solution of complexes 1, 4, and 5 with 0.1 

M TBAPF
6
 in DMF, under argon (black), saturated with CO

2
 (dashed red line) with MeOH 

(12 M). Scan rate: 100 mVs
-1

, glassy carbon electrode, platinum counter electrode, and silver 

reference wire. 
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6.9.3 Data Processing / Fitting for Time-Resolved Optical Spectroscopy 

Femtosecond Spectroscopy: Prior to kinetic analysis, the fsTA & fsIR data are 

background/scatter-subtracted and chirp-corrected, and the visible and NIR data sets are spectrally 
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Figure 6.25: Cyclic voltammograms of a 1.0 mM solution of complex 3 with 0.1 M 

TBAPF6 in DMF, A) under argon (black), saturated with CO2 (dashed red line) with 

MeOH (3 M). B) under argon (black), under argon with MeOH (4M) (purple), saturated 

with CO2 (dashed blue line) with MeOH (4 M). Scan rate: 100 mVs-1, glassy carbon 

electrode, platinum counter electrode, and silver reference wire. 
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Figure 6.26: Cyclic voltammograms of a 1.0 mM solution of complex 1 with 0.1 M 

TBAPF6 in DMF, A) under argon with MeOH (1M) (pink), under argon with MeOH 

(4M) (blue) B) under argon with MeOH (1M) (pink), under argon with MeOH (4M) 

(black). Scan rate: 100 mVs
-1

, glassy carbon electrode, platinum counter electrode, and 

silver reference wire. 
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merged (Surface Xplorer 4, Ultrafast Systems, LLC).  Merging in the time-domain is 

accomplished in MATLAB by scaling the fsTA & nsTA dataset to the other by a wavelength-

dependent factor f( ). This function is determined by the ratio of the average signal value for each 

data set in the 4-8 ns range, where there is sufficient temporal overlap between experiments and 

kinetic evolution is typically slow.123 10 Hz nsTA Data: Kinetic data from the 10 Hz nsTA 

experiment are temporally smoothed with 5-point adjacent averaging prior to fitting.  

6.9.4 Global Analysis 

The kinetic analysis was performed using home written programs in MATLAB121 and was 

based on a global fit to (kinetic vectors following singular value decomposition). The time-

resolution is given as w = 250 fs (full width at half maximum, FWHM); the assumption of a 

uniform instrument response across the frequency domain and a fixed time-zero (t0) are implicit 

in global analysis. 

Singular Value Decomposition. Factoring of the two-dimensional (signal vs time & 

frequency) data set by Singular Value Decomposition (SVD) is performed as implemented in the 

MATLAB software package.121  This factoring produces an orthonormal set of basis spectra that 

describe the wavelength dependence of the species and a corresponding set of orthogonal vectors 

that describe the time-dependent amplitudes of the basis spectra.114 These kinetic vectors are then 

fit using the global analysis method described below. 

Multiple-Wavelength Global Fitting. The kinetic data from multiple different wavelength 

are fit using the global analysis described below.  Each wavelength is given an initial amplitude 

that is representative of the spectral intensity at time t0, and varied independently to fit the data. 
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The time/rate constants and t0 are shared between the various kinetic data and are varied globally 

across the kinetic data in order to fit the model(s) described below.  

Species-Associated Fitting. We globally fit the dataset to a specified kinetic model and use 

the resultant populations to deconvolute the dataset and reconstruct species-associated spectra.  

Kinetic model with rate matrix K for one specie: 

𝑲 = [ −𝒌𝑨 → 𝑮𝑺] 

 
(Eqn. S1) 

Kinetic model with rate matrix K for two species: 

𝑲 = [
−𝒌𝑨 →𝑩 𝟎
𝒌𝑨 →𝑩 −𝒌𝑩 →𝑮𝑺

] (Eqn. S2) 

The MATLAB program numerically the solves the differential equations through matrix 

methods,115 then convolutes the solutions with a Gaussian instrument response function with width 

w (FWHM), before employing a least-squares fitting using a Levenberg-Marquardt or Simplex 

method to find the parameters which result in matches to the kinetic data.  

Spectral Reconstruction. Once the fit parameters are established, they are fed directly into 

the differential equations, which were solved for the populations of the states in model—i.e., A(t) 

and B(t). Finally, the raw data matrix (with all the raw data) is deconvoluted with the populations 

as functions of time to produce the spectra associated with each species. 
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𝑲 = [ −𝒌𝑨 → 𝑮𝑺] 
Initial populations: A0 = 1  

 

𝑲 = [ −𝒌𝑨 → 𝑮𝑺] 
Initial populations: A0 = 1  
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Figure 6.27: Complex 4•−. λ = 605 nm, 1.0 μJ/pulse, DMF. (A) Species-associated 

spectra obtained by global fitting. (B) Transient kinetics at selected wavelengths. (C) 

Populations of the transient species. 
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Figure 6.28: Complex 5•−. λ = 605 nm, 1.0 μJ/pulse, DMF. (A) Species-associated 

spectra obtained by global fitting. (B) Transient kinetics at selected wavelengths. (C) 

Populations of the transient species. 
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𝑲 = [
−𝒌𝑨 →𝑩 𝟎
𝒌𝑨 →𝑩 −𝒌𝑩 →𝑮𝑺

] 

Initial populations: A0 = 1, B0 = 0 

 

𝑲 = [
−𝒌𝑨 →𝑩 𝟎
𝒌𝑨 →𝑩 −𝒌𝑩 →𝑮𝑺

] 

Initial populations: A0 = 1, B0 = 0 

Figure 6.29: Complex 1•−. λ = 605 nm, 1.0 μJ/pulse, DMF. (A) Species-associated 

spectra obtained by global fitting. (B) Transient kinetics at selected wavelengths. (C) 

Populations of the transient species. 
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Figure 6.30: Complex 2•−. λ = 605 nm, 1.0 μJ/pulse, DMF. (A) Species-associated 

spectra obtained by global fitting. (B) Transient kinetics at selected wavelengths. (C) 

Populations of the transient species. 
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𝑲 = [
−𝒌𝑨 →𝑩 𝟎
𝒌𝑨 →𝑩 −𝒌𝑩 →𝑮𝑺

] 

Initial populations: A0 = 1, B0 = 0 
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Figure 6.31: Complex 3•−. λ = 605 nm, 1.0 μJ/pulse, DMF. (A) Species-associated 

spectra obtained by global fitting. (B) Transient kinetics at selected wavelengths. (C) 

Populations of the transient species. 
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