
ABSTRACT 

 

WELLS, KAYLEE ANEJA. Excited State Dynamics in Rhenium(I) Bichromophores. (Under 

the direction of Dr. Felix N. Castellano). 

 

A brief introduction into the photophysical concepts pertinent to the projects discussed in this 

document are provided in Chapter 1. This includes fundamental theory of light absorption, excited 

state deactivation pathways, energy transfer, and electron transfer. In addition to photophysical 

concepts, the experimental designs of the instrumentation used in these studies are also presented.  

Chapter 2 begins the bichromophoric story of the transient absorption dynamics from the 

sub-picosecond to supra-nanosecond time domain in a series of Re(I) metal-organic 

bichromophores of the general motif, [Re(5-R-phen)(CO)3(dmap)](PF6), where R is a 

naphthalimide (NI), phen = 1,10-phenanthroline, and dmap is 4-dimethylaminopyridine are 

reported. The ligand centered (LC) excited states of this series were varied by systematically 

modifying the 4-position of the NI with -H (NI), -Br (BrNI), phenoxy (PONI), thiobenzene 

(PSNI), and piperidine (PNI), rendering a series of metal-organic bichromophores (Re1-Re5, 

respectively). To model the photophysical properties of the bichromophores, five closely related 

organic chromophores as well as [Re(phen)(CO)3(dmap)](PF6) (Re6) were investigated in parallel. 

In addition to transient absorption, the energy transfer processes were studied with time-resolved 

photoluminescence (PL) spectroscopy and electronic structure calculations. A thermal equilibrium 

between the triplet LC and triplet metal-to-ligand-charge-transfer (MLCT) excited states was 

established between three of the five bichromophores. 

In Chapter 3, I present the synthesis, structural characterization, electronic structure 

calculations, and the ultrafast and supra-nanosecond photophysical properties of a series of five 

Re(I) bichromophores exhibiting metal-to-ligand charge transfer (MLCT) excited states based on 

the general formula fac-[Re(N^N)(CO)3(PNI-py)]PF6, where PNI-py is 4-piperidinyl-1,8-



naphthalimidepyridine and N^N is a diimine ligand (Re1-5), along with their corresponding model 

chromophores where 4-ethylpyridine was substituted for PNI-py (Mod1-5). The diimine ligands 

used include 1,10-phenanthroline (phen, 1), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bcp, 

2), 4,4′-di-tert-butyl-2,2′-bipyridine (dtbb, 3), 4,4′-diethylester-2,2′-bipyridine (deeb, 4), and 2,2’-

biquinoline (biq, 5). In these metal-organic bichromophores, structural modification of the diimine 

ligand resulted in substantial changes to the observed energy transfer efficiencies between the two 

chromophores as a result of the variation in 3MLCT excited state energies. The photophysical 

properties and energetic pathways of the model chromophores were investigated in parallel to 

accurately track the changes that arose from introduction of the organic chromophore pendant on 

the ancillary ligand. All relevant photophysical and energy transfer processes were probed and 

characterized using time-resolved photoluminescence spectroscopy, ultrafast and nanosecond 

transient absorption spectroscopy, and time-dependent density functional theory calculations. Of 

the five bichromophores in this study, four (Re1-4) exhibited a thermal equilibrium between the 

3PNI-py and the triplet 3MLCT excited state, drastically extending the lifetimes of the parent model 

chromophores. 

Chapter 4 concludes the rhenium(I) bichromophore saga with the steady-state and ultrafast 

to suprananosecond excited state dynamics of fac-[Re(NBI-phen)(CO)3(L)](PF6)) (NBI-phen = 

16H-benzo[4',5']isoquinolino[2',1':1,2]imidazo[4,5-f][1,10]phenanthrolin-16-one) as well as their 

respective models of the general molecular formula [Re(phen)(CO)3(L)](PF6) (L = PPh3 and  

CH3CN) were investigated using transient absorption and time-gated photoluminescnce 

spectroscopy.  The NBI-phen containing molecules exhibited enhanced visible light absorption 

with respect to their models and rapid formation (< 6 ns) of the triplet ligand-centred (LC) excited 



state of the organic ligand, NBI-phen. These triplet states exhibit an extended excited state lifetime 

that enable the energized molecules to readily engage in triplet-triplet annihilation photochemistry.   
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 An Introduction to the Fundamentals of Molecular Photoprocesses 

 

1.1. Photochemistry vs. Photophysics 

Photochemical and photophysical processes have been closely linked to the development 

of life on this plant. These processes, photochemistry and photophysics are terms commonly taught 

together in classes. However, these two words are not interchangeable despite their shared prefix 

and they differ in the processes that they describe. Photochemistry refers to the chemical changes 

induced by the absorption of a photon and eventuates in the formation of an isolated photoproduct. 

Photophysics refers to the competing physical processes that deactivate an electronically excited 

state (referred to from hereon as excited state and denoted by an asterisk) and result in the 

regeneration of the original ground state species. The processes that deactivate an excited state 

include radiative (r) and nonradiative (nr) decay processes.1 While the molecules discussed in 

detail later in this document are capable of fueling photochemical reactions, the focus of this work 

is to follow the radiative and nonradiative decay pathways from the initially prepared excited state 

species back to the original ground state. 

1.2. Photophysical Processes 

1.2.1. Light Absorption 

 

The principle interaction between light and matter occurs when a molecule absorbs a 

photon of frequency that matches an allowed energy change within the molecule, i.e. the Bohr 

equation, 

 ℎ𝑣 =  Ef − Ei (Eq. 1.1 ) 

Where Ef and Ei are the energies of the excited state wavefunction (Ψf) and the ground state 

wavefunction (Ψi) respectively. Not only must the energies match, there has to be a direct 

interaction with the electromagnetic field of the photon and the molecule. Since the effect of the 
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magnetic field is so weak on the molecule, the electric vector of the exciting photon and the electric 

dipole of the molecule are only considered during the light absorption process.1 

The process of absorbing light can be further discussed in terms of the time-dependent 

perturbation theory in which the initial state of the molecule’s wavefunction can be described by 

the Schrödinger equation,  

 Ĥ0Ψ𝑖 = 𝐸Ψ𝑖 (Eq. 1.2) 

Once exposed to light, the Hamiltonian operator, Ĥ0, is no longer able to describe the energy of 

the system due to the change in dipole moment of the molecule induced by the absorption of light. 

Therefore, the perturbation operator, Ĥ′, must be added to the Hamiltonian to describe the new 

effects on the molecule resulting from the irradiation process. The eigenfunctions of (Ĥ0 + Ĥ′) 

will be different than Ψi and will also be functions of time:  

 (Ĥ0 + Ĥ′)𝚿(𝑥, 𝑡) = 𝐸𝚿(𝑥, 𝑡)  (Eq. 1.3) 

where Ψ is the total wavefunction. The perturbation effect can be thought of as a time-dependent 

mixing of the initial wavefunction with all other possible wavefunctions. Once the perturbation is 

removed at time t, there is a finite probability that the molecule will be found in the final 

wavefunction, Ψf, distinctively different than the initial wavefunction. This probability is 

proportional to the square of the transition dipole moment (TM). In bra-ket notation (Eq. 1.4), the 

TM is written in shorthand as  

 〈𝛹𝑖|�̂�|𝛹𝑓〉 (Eq. 1.4) 

which is shorthand for writing the TM in integral notation (∫ 𝛹𝑖�̂�𝛹𝑓𝑑𝜏) and �̂� is the dipole-moment 

operator.1  

If the probability of a transition is proportional to the square of the transition moment, then the 

probability of a given transition can be calculated from the absorption spectra through its relation with the 
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oscillator strength f, which is a measure of the integrated intensity of the absorption over the band (Eq. 

1.5).1  

 𝑓 = 4.315 ×  10−9  ∫ 𝜀𝑑𝜈 =  
8𝜋2𝜈𝑖𝑓𝑚𝑒

3ℎ𝑒2
〈𝛹𝑖�̂�𝛹𝑓〉2 (Eq. 1.5) 

Using the Born—Oppenheimer approximation, we can separate the total wavefunction, Ψ 

into an electronic wavefunction, ψ, and a vibrational wavefunction, θ (Eq. 1.6) due to light 

absorption processes occurring on a much shorter time scale with respect to nuclear motions 

(vibrations). 

 TM =  ∫ 𝜓𝑓𝜃𝑓�̂�𝜓𝑖𝜃𝑖 d𝜏 (Eq. 1.6) 

Using the Born—Oppenheimer approximation, the dipole-moment operator does not affect 

nuclear coordinates and Eq. 1.5 can be separated into two parts which consists of an electronic and 

nuclear (vibrational) component (θ). Upon further approximation of the electronic wavefunction, 

it can be separated into one electron wavefunction, φ, and the corresponding spin wavefunction, S 

(Eq. 1.7)  

 TM =  ∫ 𝜑𝑖�̂�𝜑𝑓dτe ∫ 𝑆𝑖𝑆𝑓dτS ∫ 𝜃𝑖𝜃𝑓dτN (Eq. 1.7) 

where φi and φf are the initial and final orbitals of the excited electron, Si and Sf are the 

corresponding spin functions and θi and θf are the initial and final vibrational wavefunctions. The 

first term of Eq 1.7 corresponds to the orbital or electronic transition moment and depends on the 

orbital (spatial) overlap and symmetry of the initial and final wavefunctions. This gives rise to the 

symmetry selection rule where the direct product of the irreducible representations of the initial 

and final states must transform as one of the dipole operators (x, y, or z) as found in the character 

table of a molecule’s point group for a transition to be considered orbitally allowed.  The second 

term is called the spin overlap integral and depends on the initial and final spin states of the excited 
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electron. This term gives rise to the spin selection rule where the initial and final spin of the excited 

electron must be the same for a transition to be spin allowed. The final term is referred to as the 

overlap of the vibrational wavefunctions or Franck-Condon factors and is the quantum mechanical 

basis of the Franck-Condon principle. This factor can modulate the intensity of transitions, i.e. 

how much of the excited state potential energy surface overlaps with the ground state potential 

energy surface (Figure 1.1).1-3  

When considering the selection rules above and Eq. 1.7, it can be inferred that when any 

one of these terms is zero, i.e. the initial spin is a triplet and the final spin is a singlet, the total 

transition moment will also be zero and the transition is said to be forbidden. Also, if the initial 

and final wavefunctions are orthogonal, there will be no electronic transition even if the direct 

product transforms as x, y, or z. With that said, some transitions that are formally forbidden can 

still be observed in an absorption envelope due to exceptions to the spin selection rule. For 

example, an electronic transition can be coupled with an asymmetric vibration that breaks the 

symmetry of a system, relaxing the symmetry selection rule giving rise to a vibronically allowed 

transition. When this happens, the electronic and vibrational components of Ψ are no longer 

separable and the direct product of the orbital and vibrational irreducible representations govern 

their selection rules. The spin selection rule is fairly rigid but may be relaxed in the presence of a 

heavy atom to give rise to spin-orbit coupling (SOC) allowing a transition to occur between a 

singlet and triplet state.1-3  
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1.2.2 The Franck-Condon Principle 

The last term in the transition moment integral (Eq. 1.7), called the Franck-Condon term, 

is important in determining the shape of the absorption band. Since electronic motion is much 

quicker than nuclear motion, it is assumed that electronic transitions are vertical (i.e there is no 

change in nuclear coordinates during the electronic transition). Resting ground state electrons are 

most likely to be located in the lowest vibrational level (ν = 0) at the ground state equilibrium 

geometry (Q = 0 where Q represents the nuclear coordinates). When the excited state potential 

energy surface (PES) is not displaced or distorted with respect to the ground state, there is 

maximum overlap between the ν = 0  level of the ground state and ν = 0  level of the excited state, 

leading to a 0-0 transition that reveals itself as a sharp and narrow absorption band (Figure 1.1a). 

When the excited state is geometrically distorted relative to the ground state, the instantaneous 

promotion of an electron results in population of a higher energy vibrational level (ν > 0) with a 

nuclear geometry that most closely resembles that of the ground state. To determine the intensity 

distribution of the absorption band, the values of the vibrational overlap integrals for the various 

0-ν transitions need to be evaluated. The most intense portion of the band will appear where the 

maximum vibrational overlap occurs with the excited state vibrational level that intercepts the 

excited state potential energy surface (PES) at the equilibrium geometry (Figure 1.1b). The rest of 

the absorption band decreases in intensity as you go higher and lower in energy across the excited 

state PES vibrational levels as the overlap decreases between the excited state PES and the ground 

state equilibrium. Sometimes an excitation can lead to formation of the excited state at energies 

higher than the dissociation energy and the band shape will appear to be structured on the low 

energy side and featureless on the high energy side (Figure 1.1c). 1-3 



 

6 

 

 

 

Figure 1.1. Illustration of the Franck-Condon principle where the excited state PES is distorted 

more along the nuclear coordinates (Q) and its effect on the absorption band. This figure was 

adapted from the literature.1 

 

When absorption profiles are obtained in the gas-phase or in a rigid glass, vibronic 

information can be elucidated as the absorption bands have structure and definition in the visible 

and ultraviolet regions. When absorption is obtained in solution however, most of that information 

is lost due to the interactions with solvent molecules and the superposition of different vibrational 
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progressions. On Jablonski diagrams, excitations are represented as vertical, solid arrows (Figure 

1.3).1-3 

1.3. Excited State Decay 

 

1.3.1. Non-radiative Decay Processes 

 

 Upon absorption of a quantum of light, a molecule promotes an electron from the ground 

state potential energy surface to an excited state potential energy surface. However, as discussed 

in Section 1.2.2, the newly formed excited state is generally not at the lowest vibrational level of 

the excited state surface. When an electron populates a higher vibrational level of a surface, it is 

regarded as “hot”, leading to the first type of non-radiative decay: vibrational relaxation. The 

molecule prefers to be at the zero vibrational level (i.e. the Boltzmann equilibrium) of the excited 

state surface and will release excess energy via collisions with nearby molecules. In solution, 

molecules vibrationally relax via collision with the solvent matrix. This type of non-radiative 

relaxation is among the fastest deactivation processes (10-13 s timescale). Therefore, all physical 

and chemical processes that occur from the excited state are assumed to take place from the 

thermally equilibrated excited state.1, 2  

 Other non-radiative decay processes include internal conversion (IC) and intersystem 

crossing (ISC). Internal conversion is a radiationless transition that takes place between two 

excited states of the same multiplicity (e.g. singlet→singlet). When the energy gap between the 

two singlet states is small (corresponding to less than visible energy), the rate of IC is typically on 

the time scale of picoseconds (ps, 10-12 s). These transitions, similar to vibrational relaxation, are 

incredibly fast and therefore occur prior to any radiative processes. As a consequence, Kasha’s 

rule was formulated, which states that any photon emission comes from the lowest excited state of 

a specified multiplicity (i.e. S1 not S4).
4 Intersystem crossing is similar to IC but is instead a 
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transition that takes place between two excited states of different multiplicity (e.g. singlet→triplet). 

This procedure is formally spin forbidden (see Section 1.4.1) but can occur when the spin selection 

rule is sufficiently relaxed. For example, when the singlet-triplet gap is close enough that it can 

thermally populate the other, or with spin-orbit coupling induced by a heavy atom (heavy atom 

effect). Additionally, when ISC is observed in the absence of heavy atoms, it is often due to the 

interaction of excited states of different symmetry through spin-orbit coupling (El-Sayed Rules5). 

Because this is a forbidden process with respect to multiplicity, the process is generally slow but 

can become more efficient if the transition involves a change of orbital type:1, 2, 5  

1(n,π*) → 3(π,π*)  1(π,π*) → 3(n,π*)  allowed process 

1(n,π*) → 3(n,π*)  1(π,π*) → 3(π,π*)  forbidden process 

Vibrational relaxation, both IC and ISC are represented as wavy, horizontal lines on a Jablonski 

diagram (Figure 1.3). 

1.3.2. Radiative Decay Processes 

As the name suggests, radiative decay processes involve a photon emitting from an excited 

state as the molecule relaxes back to the ground state. Most molecules conform to Kasha’s rule 

where the emission takes place from the lowest excited state of a given spin multiplicity. However, 

there are notable exceptions to this rule, such as with porphyrins and azulene dye derivatives where 

radiative processes from S2 are observed.6 With that said, for an excited state to radiatively decay, it 

must follow the same spin and symmetry selection rules as to which it was first promoted to an excited 

state. When a photon emits from a state of same spin as the ground state, it is called fluorescence. 

When a photon emits from a state of different spin (i.e. after ISC occurs), that emissive event is termed 

phosphorescence. Fluorescence has rate constants on the order of 109 s-1 due to their spin allowedness 

and phosphorescence has rate constants up to 1 s-1 due to it being a formally spin forbidden process. 

The extremely long rate constants are generally reserved to the long lived spin forbidden excited states 
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of organic molecules and can be much shorter once a heavy atom, such as ruthenium, is added to the 

system due to enhanced spin-orbit coupling; e.g. Ru(bpy)3
2+ has a 3MLCT* rate constant of  1.67 × 106 

s-1 (τ = 600 ns) in water.7 

As stated earlier, the Franck-Condon factor determines the band shape of the emissive event. 

When the PES of the excited state involves no change in nuclear coordinates with respect to the ground 

state (nested) the emission will appear to be narrow and sharp as if it were almost an atomic line 

spectrum (Figure 1a). The peak maximum will correspond to the 0-0 transition. When the PES of the 

excited state is not nested with respect to the ground state (highly distorted in the case of MLCT 

transitions), the emissions will be broad and Gaussian-shaped with a peak maximum at energies higher 

than the 0-0 transition. This effect is called the Stokes shift and corresponds to the shift in peak 

maximum of the absorption and emission bands. The greater the geometric distortion, the greater the 

Stokes shift. When the ground and excited states are considered identical harmonic oscillators, the 

absorption and emission envelope will be the mirror images of each other (Figure 1.2). As with the 

absorption of a photon, the emission of a photon is portrayed as a solid vertical arrow on a Jablonski 

diagram (Figure 1.3).1, 2, 8 
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Figure 1.2. Normalized absorption and fluorescence spectra of anthracene in ethanol.   

 
Figure 1.3. Jablonski (energy) diagram portraying absorption and the various excited state decay 

processes that follow. Figure adapted from Edinburgh Instruments 

(https://www.edinst.com/blog/jablonski-diagram/).  

 

https://www.edinst.com/blog/jablonski-diagram/
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1.3.3. Quantum Yield and Excited State Lifetime 

 From the quantification of various radiative properties, valuable photophysical information can 

be obtained to glean insight into the dynamics of the excited state processes occurring after the initial 

absorption event has taken place. Two important pieces of information that can be obtained from the 

emission of a molecule are quantum yield (Φ) and lifetime (τ). The quantum yield of 

photoluminescence is the ratio of emitted photons to absorbed photons (Eq. 1.8). When a molecule is 

considered extremely emissive, its quantum yield is close to unity (100%) (e.g. rhodamines).8   

Inspection of Eq 1.8 reveals that the underlying factors that determine the intensity of emission are the 

radiative rate constant (kr)  and non-radiative rate constant (knr) (IC, ISC, quenching, etc.).  

 ΦPL =  
# photon emitted

# photon absorbed
=  

𝑘𝑟

𝑘𝑟 +  𝑘𝑛𝑟
 (Eq. 1.8) 

The kr and knr values are the factors that control the longevity of the excited state lifetime. The 

lifetime refers to the amount of time it takes for 1/e of the excited state molecules to return to the 

ground state and is equal to the inverse of kr + knr (Eq. 1.9).8, 9  

 τ =  
1

𝑘𝑟 + 𝑘𝑛𝑟
 (Eq. 1.9) 

Combing Eqs. 1.8 and 1.9 allow for the exact values of kr and knr to be determined, as shown in 

Eqs. 1.10 and 1.11.  

 ΦPL × τ = 𝑘𝑟  (Eq. 1.10) 

 
1

𝜏
− 𝑘𝑟 =  𝑘𝑛𝑟 (Eq. 1.11) 

Further details on how to measure the quantum yield and lifetime will be discussed later in the 

instrumentation section (1.4 Spectroscopic Instrumentation).  
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1.3.4. Bimolecular Quenching Processes 

 

Once in the excited state, a molecule is energy-rich and will deactivate via radiative, non-

radiative, and/or a variety of bimolecular chemical quenching processes to achieve a lower-energy, 

stable configuration. The molecule can undergo many bimolecular pathways to quench the excited 

state. One of the quenching process is for the molecule to form the solvato complex with the solvent, 

called an exciplex, an excited state complex. An exciplex can also form between the excited state 

species and another molecule that is different than the original species. An excited molecule can also 

associate to a ground state molecule of the same species forming an excimer (an excited state dimer). 

These quenching pathways are generally undesirable and synthetic and experimental design is usually 

employed to prevent these species from forming.1, 2 

Electron transfer (ET) and energy transfer (EnT) on the other hand are two quenching pathways 

that are usually desired, and molecules are synthesized with these processes in mind. Once in the 

excited state, a molecule becomes a better electron donor and a better electron acceptor than the 

respective ground state. This effect occurs because when an electron is promoted to a higher molecular 

orbital, it reduces its ionization potential, rendering the molecule more easily oxidized. When the 

electron is promoted to a higher molecular orbital, it leaves a hole behind in the energetically lower 

molecular orbital making the electron affinity for the excited state species greater than its ground state 

counterpart (i.e. more easily reduced). There are two pathways in which electron transfer can occur in 

the excited state: reductive and oxidative quenching. Reductive quenching describes the mechanism in 

which the acceptor is the excited state species and accepts an electron from a ground state donor. 

Oxidative quenching describes the mechanism in which the donor is the excited state species and 

donates an electron to a ground state acceptor (Figure 1.4). When using transition metal complexes, 

the complex itself can be both the donor and the acceptor due to redox sites present on the metal and 
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ligand.1, 2, 9 Electron transfer has been extensively studied since the late 60s and multiple examples can 

be found in the literature by Weller, Rhem, Marcus, and others.10-15 

 
Figure 1.4. Photoinduced reductive and oxidative bimolecular electron transfer quenching 

mechanisms.   

 

In order for either of these electron transfer quenching mechanisms to occur, an electron donor-

acceptor system must meet these three criteria:  sufficiently long lifetime, orbital overlap of 

participating orbitals, and thermodynamically favorable electron transfer. To transfer an electron, the 

donor orbital must be higher in energy than the acceptor so that the process is a downhill reaction. The 

donor and acceptor orbitals must overlap via close bonding proximity, or more likely, via collisions. 

For these collisions to occur, the lifetime of the excited state must be long enough to allow the donor 

and acceptor to diffuse through solution and collide. For this reason, it is primarily triplet excited states 

that participate in electron transfer due to their nanosecond to microsecond lifetimes.1, 2, 9 

Energy transfer has also been studied extensively but predates ET by a few decades, with 

pivotal contributions by Cairo,16 Franck,17 Cairo and Franck,18 Perrin F., and Perring J.,19-21  Förster,22, 

23  Dexter,24 and many others.25-27  There are two energy transfer processes that are of particular interest 

to this work and the photophysical world on the whole: Förster Resonance Energy Transfer (FRET or 

the Coulombic mechanism) (Figure 1.5) and Dexter Energy Transfer (DET or the electron exchange 
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mechanism) (Figure 1.6). FRET is a long-range mechanism that does not require physical contact 

between donor and acceptor. For this mechanism to occur, it requires the distance between donor and 

acceptor to be less than 10 nm, have substantial spectral overlap between the emission band of the 

donor and the absorption band of the acceptor, and non-orthogonal orientation between the donor and 

acceptor. This non-radiative energy transfer process proceeds via dipole-dipole coupling of the donor 

and acceptor. Given that the photoluminescence of the donor and absorption of the acceptor must 

spectrally overlap, the greater the quantum yield, absorption oscillator strengths, and spectral overlap 

integral, the stronger the FRET interaction. From the spectral overlap, the Förster distance (𝑅0
6) can be 

calculated, which is the distance in which EnT has 50% efficiency. This means that anything less than 

that distance has EnT efficiencies approaching unity.  

 

Figure 1.5. Schematic of the FRET mechanism between two singlet states where the dashed lines 

represent the non-radiative energy transfer from donor to acceptor (dipole-dipole interaction). 

 

The Dexter mechanism, unlike FRET, requires close distances between donor and acceptor 

and is therefore termed short-range EnT. Additionally, DET proceeds via the exchange of electrons 

as opposed to the dipole coupling mechanism observed with FRET and is rate independent of 
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oscillator strength. The exchange mechanism requires both spectral and wavefunction overlap; the 

donor and acceptor need to be closer than 10 Ǻ. The exchange of electrons can either be 

intermolecular (collisions) or intramolecular (direct bonding) and the rate exponentially decreases 

as you separate donor and acceptor pairs. Because this mechanism involves the exchange of an 

electron from an excited donor, once the exchange happens, the donor will be in the ground state 

and the acceptor in the excited. This EnT mechanism can occur between different states of 

multiplicity as well as states of same multiplicity (Figure 1.6).1, 2, 9 

 

Figure 1.6. Dexter exchange mechanisms. The top is a schematic of EnT between an excited donor 

in the triplet state and a singlet acceptor in the ground state. The bottom is a schematic of DET 

occurring between two singlet states.   

 

1.4. Spectroscopic Instrumentation 

1.4.1. UV-vis 

As stated earlier, matter, or more specifically, molecules absorb light. What energy (and to 

what degree) a particular molecule absorbs light is of interest when the end goal of a project is to 

understand how the excited electronic states of a molecule evolve and decay over time. Before 

interpretation of the excited states under investigation can begin, it is imperative to first know how 

an electron in the ground electronic state of a molecule is promoted to those excited states. This is 
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accomplished by obtaining the ultraviolet-visible (UV-vis) spectrum of a molecule. UV-vis 

spectroscopy is established on the measurement of transmittance (T, a.u.) or absorbance (A, a.u.) 

of a solution in a cell of path length b (cm).28 Transmittance is the amount of light that a solution 

allows through and absorbance is the negative logarithm of T (Eq. 1.12). Aside from obtaining 

information about the excited states that can be formed, UV-vis spectroscopy is also a quantitative 

measurement that can be used to determine the concentration of an analyte in solution from its 

absorption profile due to its linear relationship as seen in Beer’s Law: 

 𝐴 =  − log(𝑇) = 𝜀𝑏𝑐 (Eq. 1.12) 

where ε is molar absorptivity (M-1 cm-1), and c is concentration (M).3  

In inorganic chemistry, there are three main types of electronic transitions: charge transfer 

(CT), dd (ligand field or crystal field), and ligand centered (LC) (Figure 1.7). Charge transfer 

transitions involve the shifting of charge from one moiety on a molecule to another. Because of 

this, the energy gap between these transitions is smaller than transitions that share spatial overlap 

(e.g. π→π*) and manifest in the visible region of the electromagnetic spectrum. These CT 

transitions can be further classified regarding their origin; ligand to metal charge transfer (LMCT) 

and metal to ligand charge transfer (MLCT). These bands are intense with molar absorbtivities 

around 104 M-1cm-1. Charge transfer bands are generally broad and featureless in their absorption 

profiles. Transitions that occur within the d-orbitals (dd transitions) are considered to be forbidden 

due to their symmetry being gerade (inversion through the center of symmetry results in no sign 

changes) while the dipole operator is always ungerade ((inversion through the center of symmetry 

results in sign changes) (see Section 1.2.1 for discussion of symmetry election rules). These 

transitions are Laporte forbidden but can be vibronically allowed and are considered to be weakly 

absorbing transitions with molar absorbtivities from 1-100 M-1cm-1. Ligand centered transitions 
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involve only the ligand and are usually π→π* or n→π*. The π→π* transitions are very intense 

with molar absorbtivities of 105  M-1cm-1 and are high in energy due to their much larger energy 

gap when compared to CT or dd transitions. (The n→ π* transitions are generally, much weaker 

than π→ π* due to the small orbital overlap between n and π* orbitals.) The absorption profiles of 

LC transitions can exhibit little to a lot of structure in the UV region of the spectrum.  

 
Figure 1.7. Representative electronic transition types found in octahedral transition metal 

complexes.  

 

 A UV-visible absorption spectrum is obtained from a UV-visible spectrophotometer and is 

commercially available in a variety of configurations. Two of the most common types are single-

beam and double-beam instruments. Single-beam instruments have four main components: a light 

source, typically a tungsten or deuterium lamp, a monochromator for wavelength selection, a 

sample holder, and a detector. A detector for this setup could be a photomultiplier tube (PMT) 

which are particularly good at absorbance measurements at a signal wavelength and, are therefore 

exceptionally good for analytical and kinetic studies. Since there is only a single beam, a blank 

must be inserted prior to sample data collection and a stable voltage supply is necessary to avoid 

any light intensity fluctuations form the lamp source.1, 28  

An alternative setup for single-beam instruments is when the detector is a diode array. The 

instrumental setup for these spectrophotometers is as follows: a light source, the sample, a grating, 
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and finally, the diode array detector. Some advantages of this setup over other single-beam 

instruments equipped with a PMT is the speed at which an entire UV-vis spectrum can be obtained. 

Rather than a monochromator moving for selection of each wavelength in a range, the transmitted 

light from a sample hits a grating which allows for each diode of the array to detect a narrow band 

of the spectrum across the complete UV-vis spectrum.1, 28 

Double-beam instruments are more common as it allows for correction of radiation 

fluctuations and wavelength intensity as these instruments can measure both the blank and the 

sample simultaneously as well as allowing for continuous recording of absorption spectra. The 

instrumental setup involves the light beam to be split into two parts after passing through the 

monochromator which is how it is able to measure both the blank and sample at the same time.1, 

28  

1.4.2. Transient Absorption (TA) Spectroscopy: nsTA and fsTA  

UV-vis spectroscopy yields insightful information about various excited states that 

originate from the grounds state. However, a typical UV-vis ground state spectrum does not show 

any excited state features. To visualize the transient species that are too short lived to be viewed 

under conventional instrumentation, transient absorption spectroscopy is necessary due to its 

shorter detection times. This technique is called flash photolysis. Flash photolysis involves an 

intense light pulse that perturbs the equilibrium of the system. The light pulse must be intense 

enough to create a large enough concentration of transient species. This technique allows for the 

two types of measurement methods. The first is to collect a transient absorption spectrum at a 

specified time after an excitation pulse collected using a charge coupled device (CCD) camera. 

CCD cameras can collect a spectrum over a range of wavelengths at once. The second is to measure 

the kinetics of an absorbance feature (excited state feature or ground state bleach) at a single 
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wavelength as a function of time. The duration of the light pulse determines the time-resolution of 

the measurement.1, 2   

For light pulses that are nanoseconds (ns) long, TA systems can cover time windows that 

range from 10-9 to 10-2 s long and can measure all transient and intermediate species longer than a 

few ns. The nsTA system used in the Castellano lab apparatus is depicted in Figure 1.8.  

 

Figure 1.8. Generalized nsTA apparatus. 

 To collect an excited state difference spectrum, the xenon lamp (C), probes the sample (E) 

and the iCCD camera (J) obtains a ground state spectrum. Then, the Nd:YAG (A), produces a 

monochromatic light pump (B) that is directed into the sample and is overlapped in space with the 

probe. The sample is then probed again with the xenon lamp after a specified time and the camera 

captures the excited state spectrum. To protect the sample from degradation from the xenon lamp, 

a computer-controlled shutter blocks the probe beam exposing the sample to the probe at specified 

time intervals. The computer then converts the transmitted data before and after the excitation 

pump to ΔOD (change in optical density). To collect single-wavelength kinetics, the process is 

repeated except the transmitted light is collected in the PMT (I) instead. 
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 A similar concept to the nsTA, fsTA also yields insight into the excited states of molecules 

but on a different time scale. Since the time resolution of these experiments is so much shorter 

than that of the previous set up, electronics alone cannot be used to control the delay between the 

pump and probe beams. Figure 1.9 shows a generalized schematic of the fsTA system used in the 

Castellano lab.  

 

Figure 1.9. Generalized schematic of the fsTA setup. 

 Inside the Coherent Libra (A) is a Ti:Sapphire regenerative amplifier which produces 800 

nm pulses (100 fs at 1 kHz of 4 mJ). From the Libra, the beam hits a beam splitter that transmits 

50% of the beam into an optical parametric amplifier (OperA Solo) (C). The OperA Solo then 

generates the desired excitation wavelength (300 nm – 3 µm) (pump) and then exits hitting mirrors 

until it is directed into the TA chamber. Inside the chamber, the pump passes through a chopper 

(H) that blocks every other pulse of the pump by operating at 500 Hz. By going through the 

chopper and blocking every other pulse, this will allow for measurements to be taken with the 

pump beam and without the pump beam so that the computer can calculate ΔOD. After the 

chopper, the pump beams that pass through are then focused onto the sample and are then the probe 

is dumped at the back of the chamber. The remaining 50% of the Libra output beam is reflected 

and is directed to the delay stage (F) to be used as the probe. The delay stage is comprised of a set 
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of mirrors placed on a moving stage that is controlled by a computer to physically alter the distance 

in which the probe beam travels to get the sub-picosecond time resolution. After exiting the delay 

stage, the probe beam goes through a polarizer (G) which selects polarization of the probe to the 

magic angle (54.7°) relative to pump polarization. The probe beam is then directed through a white 

light generating (WLG) crystal. The pump and probe beam are then overlapped in space on the 

sample and the transmitted light is then recorded at the detector (L, a fiber optic cable linked to 

the CCD camera) which collects difference spectra and kinetics simultaneously.  

 The iCCD camera on the nsTA and the fiber optic cable that is linked to a CCD camera on 

the fsTA reports the difference spectra as a function of wavelength. Using equation 1.15 and 1.16, 

the computer converts the signals obtained from the sample into the familiar difference spectra 

with positive features indicating excited state features and negative features corresponding to 

ground state bleaches (or stimulated emission in the fsTA).   

 ΔOD =  ODpump − ODprobe (Eq. 1.15) 

 ΔOD =  −log (
Tpump

Tprobe
) (Eq. 1.16) 

 The instrument first probes the sample without the pump to obtain a ground state absorption 

spectrum of the sample and is treated as the baseline. This is taken before each pump pulse because 

during the excitation of the sample, on a fraction of the sample is excited; i.e. the majority of the 

sample remains in the ground state so it is imperative for the instrument to have a baseline that 

includes experimental artifacts and the absorption profile of the sample prior to any excitation. 

When the sample is pumped, the ground state population is depleted and creates a population in 

the excited state. This leaves less molecules in the ground state that can absorb the probe light 

leading to the negative signal in the difference spectra; i.e the ground state bleach. When the 

excited state absorbs more than the ground state, a positive feature will exist in the difference 
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spectrum. It is important to note that the detector is recording all light reaching it. On the nsTA, to 

avoid any photoluminescence from the sample, the instrument will collect a fluorescence 

background (obtained by exciting the sample and then recording the light emitted from it without 

the probe) and subtract that from the final difference spectrum. On the fsTA, the emissive event is 

recorded and is called stimulated emission and appears where the sample emits. This appears as a 

negative feature because more light is hitting the detector than initially recorded and is translated 

as less absorbance.1, 9 

 Kinetics of an excited state or ground state evolution is elucidated from single-wavelength 

analysis of the feature of interest. This information is essential to understanding the features seen 

in a difference spectrum and how they change over time. Kinetic traces are analyzed by fitting the 

traces with sums of exponential terms (Eq 1.17) which provide the time constants associated with 

the excited state decay processes. 

 𝑦(𝑡) =  𝑦0 + 𝐴1𝑒−𝑡/𝜏1 + 𝐴2𝑒−𝑡/𝜏2 + ⋯ (Eq. 1.17) 

 In Eq 1.17, An is the amplitude of the components and τn are the decay time constants of 

the event(s) of interest at that wavelength. The first term of the equation, 𝑦0 is an offset parameter 

equal to the terminating y-value. This is necessary when the signal does not decay to the baseline 

in the time span that it is being fit.1, 9
 

1.4.3. Photoluminescence, Time-Resolved Photoluminescence, and Time-Resolved Intensity 

Decay Measurements 

After an absorptive event, a molecule can emit light. This process is called 

photoluminescence (PL) and can be monitored in steady-state and time-resolved instruments. 

Photoluminescence measurements provide crucial information about the excited state(s) just as the 
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absorption events (electronic and vibrational) do. Steady-state measurements are performed on 

spectrofluorometers (Figure 1.10).  

 

 

Figure 1.10. Schematic of a spectrofluorometer. Diagram adapted from the literature.8 

The lamp source, generally a xenon arc lamp, is passed through a monochromator to select 

the excitation wavelength. Part of the beam is split and sent into a reference to measure the intensity 

of white light going into the sample. The other portion of the beam goes through the sample. At a 

right angle to the excitation beam, the PL from the sample is focused into the emission 

monochromator. The PL is collected 90° with respect to the excitation beam to reduce the amount 
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of excitation light from hitting the detector. After passing through the emission monochromator, 

the PL is sent into the detector. To obtain an emission spectrum, the excitation monochromator is 

set to a wavelength value from the absorption profile (usually the lowest energy band) and the 

emission monochromator scans a spectral range at where the PL may occur. Excitation spectra 

may also be obtained from spectrofluorometers. To perform an excitation measurement, first the 

emission profile must be known since the emission monochromator will be fixed at a wavelength 

within the emission envelope. The excitation monochromator will scan a range of the absorption 

profile. Excitation spectra are important when there are multiple bands in the emission profile. If 

all the bands produce the absorption profile, then all the bands are emissive events from the same 

ground state molecule. On the other hand, this technique can identify if there are any emissive 

impurities in the sample if the excitation spectra vary greatly from the absorption profile. When 

performing both emission and excitation measurements, it is important to use optically dilute 

samples. This is to reduce the inner filter effects that arise from loss of linearity (the linear 

relationship between luminescence intensity and concentration of the sample) when optically 

dense solutions are used.1, 2, 8  

Use of the steady-state instruments can be used to obtain the emission quantum yield (QY). 

(Section 1.3.3). One method to measure QY is based on the comparison with a standard species of 

known QY. This method requires the same spectral region of the sample and reference to be 

scanned, i.e. the emission profiles need to be in the same wavelength range, and both need to be 

corrected for instrumental response. When the same excitation wavelength is used, then the 

unknown QY can be calculated using Eq. 1.18. 

 Φ = ΦR

S

SR

AR

A

η2

ηR
2  (Eq. 1.18) 
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In Eq 1.18, Φ is the PL QY, S is the area under the emission spectrum, A is the absorbance 

at the excitation wavelength, and η is the refractive index of the solvent. The R subscript denotes 

the reference quantities.1, 2, 8, 9  

 Time-resolved emission spectra are collected using a pulsed excitation source, such as a 

Nd:YAG laser. In the Castellano lab, the nsTA system can also be used to obtain time-resolved 

emission spectra. Like the steady-state instrumentation set up, the excitation source is 90° to the 

iCCD camera (Figure 1.9). The emitted photons are focused into a slit prior to entering the camera 

which can collect photons at specific times after excitation (time-gate). This technique allows for 

observations of emissive events that are darker or slower (phosphorescence) than the initial 

primary event that is only seen in the steady-state instrument. Alternatively, this can be used to 

show that there is only one emissive event present. This set up can also be used for single-

wavelength analysis when the lifetime is ns to µs long via single-wavelength analysis and using 

the PMT instead of the iCCD camera. 
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Chapter 2: Excited-State Triplet Equilibria in a Series of Re(I)-Naphthalimide 

Bichromophores 

 

Portions of this chapter have been previously published in Journal of Physical Chemistry B, 

2019, 123 (35), 7611-7627. DOI: 10.1021/acs.jpcb.9b05688. My contributions to this paper 

include the ns transient absorption spectra and kinetics and the quantum yield data for the 

rhenium(I) complexes in acetonitrile and tetrahydrofuran. The entire paper is presented to 

provide the full story.  

 

 Abstract  

 

 We present the synthesis, structural characterization, electronic structure calculations, and 

the ultrafast and supra-nanosecond photophysical properties of a series of five bichromophores of 

the general structural formula [Re(5-R-phen)(CO)3(dmap)](PF6), where R is a naphthalimide (NI), 

phen = 1,10-phenanthroline, and dmap is 4-dimethylaminopyridine. The NI chromophore was 

systematically modified at their 4-positions with -H (NI), -Br (BrNI), phenoxy (PONI), 

thiobenzene (PSNI), and piperidine (PNI), rendering a series of metal-organic bichromophores 

(Re1-Re5, respectively) featuring variability in the singlet and triplet energies in the pendant NI 

subunit. Five closely related organic chromophores as well as [Re(phen)(CO)3(dmap)](PF6) (Re6) 

were investigated in parallel to appropriately model the photophysical properties exhibited in the 

bichromophores. The excited state processes of all molecules in this study were elucidated using 

a combination of transient absorption spectroscopy and time-resolved photoluminescence (PL) 

spectroscopy, revealing the kinetics of the energy transfer processes occurring between the 

appended chromophores. The spectroscopic analysis was further supported by electronic structure 

calculations which identified the origin of many of the experimentally observed electronic 

transitions.  

  



 

29 

 

 

 Introduction  

Rhenium(I) carbonyl-diimine (Re-CDI) complexes have been studied for many decades 

because of their desirable photophysical and redox properties, chemical robustness, and synthetic 

flexibility;1 making them useful in fields such as photochemical molecular devices,2, 3 solar energy 

conversion,4, 5 luminescence sensing,6-14 and biotechnology,15, 16 among others.17-19 More recently, 

these types of molecules have garnered interest as photocatalysts in carbon dioxide reduction,19-24 

as the increase of atmospheric CO2 has steadily risen across the world with no tangible solutions 

in sight.25, 26 In these systems, the Re-CDI is used in conjunction with a sacrificial electron donor 

and light to catalytically drive the reduction of CO2 to CO. The most efficient photocatalyst to 

date, [Re(bpy)(CO)3(P(OEt)3)]
+, was found to have a photocatalytic CO2 reduction quantum yield 

of 0.38,27 demonstrating the utility of these types of complexes in atmospheric CO2 mitigation. 

Unfortunately, the drawback to many Re-CDI complexes used in CO2 reduction is their inability 

to absorb strongly in the visible region. To counter this, highly absorbing ruthenium(II) complexes 

have been covalently linked to the Re-CDI CO2 reduction catalyst, resulting in greatly improved 

photocatalytic activity attributed to intermolecular electron transfer between the Ru(II) and Re(I) 

species.28-30 

In many Re-CDI complexes, the observed photoluminescence (PL) originates from the 

triplet metal-to-ligand charge transfer (MLCT) excited state.31-33 Since these molecules have the 

general molecular formulae Re(L-L)(CO)3X or [Re(L-L)(CO)3L]+, the MLCT excited state can be 

energetically tuned through modification of the ancillary ligands (X or L) which coarsely 

modulates the Re(I) d-orbital energies, and thus the HOMO energy.34 Additionally, the π* energies 

of the chromophoric ligand (L-L), can also be modified, resulting in predictable changes to the 

LUMO energy.35 Other types of excited states, such as ligand-centered (LC) excited states, can 
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also be observed in the triplet manifold of Re-CDI complexes if conjugated aryl systems or organic 

chromophores are appended to either the ancillary or chromophoric ligands.36-40 Many of the 

synergistic benefits of polychromophoric systems (i.e. excited state lifetime extension, increase in 

absorption cross section, etc.) have been documented by our research group,33, 41-48 in addition to 

many others.49-60 

The attachment of the organic chromophore 4-piperidinyl-naphthalenimide (PNI) to a Re-

CDI complex was previously investigated, revealing profound changes in the resultant 

photophysical properties with respect to the two isolated molecules.33 The Re(I) and PNI 

chromophores were purposefully selected in that study for their characteristic spectroscopic 

infrared handles that enabled transient vibrational spectroscopic interrogation of the energy 

transfer processes occurring between these moieties. The comprehensive utilization of time-

resolved PL emission, transient absorption, and time-resolved infrared spectroscopies from the 

femtosecond to microsecond time regimes, revealed “ping-pong” energy transfer occurring 

between the PNI and Re-CDI complex. The initial ligand-centered singlet excited state was 

localized on the PNI chromophore (1PNI) and underwent Förster-type resonance energy transfer 

(FRET) to the Re-CDI chromophore (𝜏𝐹𝑅𝐸𝑇 = 43.5 ps) forming the 3MLCT excited state. After 

approximately 20 ns, the excited state returned to the PNI chromophore through a Dexter-like 

triplet–triplet energy transfer (TTET) process, finally populating the long-lived triplet excited state 

localized on the PNI chromophore (3PNI). Due to the energetic proximity between the 3MLCT 

and 3PNI excited states (ΔE = 1680 cm-1) and rapid forward and reverse triplet-triplet energy 

transfer (rTTET) reactions with respect to the other deactivation pathways, a thermal excited state 

equilibrium became established between these two triplets resulting in a 3000-fold increase in the 

observed 3MLCT lifetime; this radiative process is termed thermally-activated delayed PL. At the 
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conclusion of that study, two questions remained unanswered. First, if weakly emissive organic 

chromophores were used instead of PNI whose quantum yield for fluorescence approaches 

unity,61-64 would singlet energy transfer to the Re-CDI moiety still take place? Second, what 

3MLCT/3NI energy gap is sufficient for sustaining the equilibrium between these two excited states 

at room temperature. To address these questions, a series of five Re(I) bichromophores (Re1-Re5) 

were synthesized by substituting the 4-position of the NI subunit pendant to the 5-position of the 

phenanthroline ligand with various substituents: -H (NI, Re1), -Br (BrNI, Re2), phenoxy (PONI, 

Re3), thiobenzene (PSNI, Re4), or piperidine (PNI, Re5) (see Figure 2.1) while conserving the 

Re-CDI complex’s 3MLCT excited state energetics across all molecules. The naphthalimide 

substitutions modulated many of the observed photophysical properties, including the energies of 

the associated NI excited states and fluorescence quantum yields, as observed in the appropriate 

model chromophores.   

 

 

Figure 2.1. Naphthalimide chromophores evaluated in this study.  

One objective was to investigate how the substitution of the naphthalimide subunit 

modulated the efficiency of the energy transfer processes that occurs in the bichromophore. 

Ultrafast transient absorption spectroscopy was used to compare the bichromophore to the 

appropriate model systems to assign the observed excited state features. Despite being weakly 
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fluorescent, there was still energy transfer observed to the Re-CDI chromophore in the NI and 

BrNI containing bichromophores Re1 and Re2. Of the five bichromophores interrogated, four 

were shown to exhibit “ping-pong” energy transfer characteristics, whereas the PSNI containing 

molecule (Re4) had photophysical properties echoing those of its model compound.  

Another objective was to determine the energy gap between the low-lying triplet states on 

the Re-CDI complex (3MLCT) and the naphthalimide chromophore (3NI) where the excited state 

equilibrium would no longer be established at room temperature. To increase the energy gap with 

respect to that observed in the Re-PNI complex, the new molecules here replaced the chloride 

ligand with dimethylaminopyridine (dmap), resulting in a higher energy 3MLCT excited state. 

Additionally, this generated an ionic complex that was more soluble in spectroscopic friendly 

solvents including acetonitrile. Structural modification of the naphthalimides resulted in a 0.25 eV 

(2000 cm-1) variation of the 3NI excited state energy across the series, with the NI being the highest 

and the PNI being the lowest in energy. The change in 3NI excited state energies resulted in triplet 

excited state equilibrium and characteristic 3MLCT delayed PL being observed in the three 

naphthalimides with the highest energy 3NI excited states (NI, BrNI, and PONI), whereas PSNI 

and PNI exclusively featured ligand-localized photophysics with no observed 3MLCT emission.    

 Experimental 

 

2.3.1. Reagents and Chemicals 

 

All synthetic manipulations were performed under an inert and dry nitrogen atmosphere 

using standard techniques. All reagents were purchased from VWR and used as received. The 

precursors NNI, NNI-phen, PNI-phen, and Re(PNI-phen)(CO)3Cl, as well as PNI, were 

synthesized according to their published procedures.33, 44, 46 The synthetic procedures used to make 

all the chromophores are outlined in Scheme 1. The identity and purity of all compounds studied 
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were confirmed using 1H NMR, ATR-FTIR, high-resolution mass spectrometry, and elemental 

analysis. Synthetic details for all precursors and products in this study are included in Appendix 

A. Spectroscopic samples were prepared using spectroscopic grade tetrahydrofuran or acetonitrile 

and were degassed using the freeze-pump-thaw technique.65 

2.3.2. Characterization Data for the Studied Complexes 

 

2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (NI). 1H NMR (400 MHz, CD2Cl2), 

δ 8.60 (dd, J = 7.2, 1.1 Hz, 2H), 8.31 (dd, J = 8.1, 1.2 Hz, 2H), 7.81 (dd, J = 8.3, 7.3 Hz, 2H), 7.37 

(d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H), 2.46 (s, 3H). MS [HR-ESI (CH2Cl2) m/z] 288.1027 

[M+H]+, calcd (C19H14NO2) 288.1025. Anal. Calcd (found) for C19H13NO2: C, 79.43 (79.14); H, 

4.56 (4.81); N, 4.88 (4.87). ATR-FTIR: 490, 516, 538, 781, 812, 1185, 1234, 1352, 1373, 1514, 

1587, 1656, 1673, 1699 cm-1. 

[Re(NI-phen)(CO)3(dmap)](PF6) (Re1). 1H NMR (400 MHz, CD2Cl2), δ 9.58 (ddd, J = 

12.8, 5.2, 1.4 Hz, 2H), 8.82 (dd, J = 8.4, 1.4 Hz, 1H), 8.66 (ddd, J = 16.2, 7.3, 1.2 Hz, 2H), 8.51 

(dd, J = 8.5, 1.4 Hz, 1H), 8.48 – 8.43 (m, 2H), 8.25 (s, 1H), 8.16 (dd, J = 8.3, 5.2 Hz, 1H), 8.04 

(dd, J = 8.5, 5.1 Hz, 1H), 7.90 (ddd, J = 8.3, 7.3, 4.6 Hz, 2H), 7.65 (d, J = 7.4 Hz, 2H), 6.27 (d, J 

= 7.4 Hz, 2H), 2.91 (s, 6H). MS [HR-ESI (CH2Cl2) m/z] 766.1224 [M−PF6]
+, calcd 

(C34H23N5O5
185Re) 766.1229. Anal. Calcd (found) for C34H23F6N5O5PRe·0.5H2O: C, 44.30 

(44.15); H, 2.62 (2.40); N, 7.60 (7.46). ATR-FTIR: 557, 730, 779, 838, 1234, 1350, 1587, 1626, 

1673, 1709, 1903, 2058 cm-1. 

6-bromo-2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (BrNI). 1H NMR (400 

MHz, CD2Cl2), δ 8.69 – 8.62 (m, 2H), 8.42 (d, J = 7.9 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H), 7.90 (dd, 

J = 8.5, 7.3 Hz, 1H), 7.37 (d, J = 7.9 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H), 2.46 (s, 3H). MS [HR-ESI 

(CH2Cl2) m/z] 366.0134 [M+H]+, calcd (C19H13NO2
79Br) 366.0130. Anal. Calcd (found) for 
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C19H12BrNO2: C, 62.32 (62.04); H, 3.30 (3.27); N, 3.82 (3.81). ATR-FTIR: 422, 500, 518, 730, 

781, 814, 1193, 1238, 1344, 1365, 1589, 1656, 1707 cm-1. 

[Re(BrNI-phen)(CO)3(dmap)](PF6) (Re2). 1H NMR (400 MHz, CD2Cl2), δ 9.58 (ddd, J = 

12.1, 5.1, 1.3 Hz, 2H), 8.81 (ddd, J = 9.3, 8.6, 1.2 Hz, 2H), 8.72 (ddd, J = 15.2, 7.3, 1.2 Hz, 1H), 

8.52 – 8.43 (m, 2H), 8.26 (s, 1H), 8.23 – 8.13 (m, 2H), 8.08 – 7.96 (m, 2H), 7.65 (d, J = 7.4 Hz, 

2H), 6.27 (d, J = 7.4 Hz, 2H), 2.91 (d, J = 0.5 Hz, 6H). MS [HR-ESI (CH2Cl2) m/z] 844.0316 

[M−PF6]
+, calcd (C34H22N5O5

185Re79Br) 844.0334. Anal. Calcd (found) for 

C34H22BrF6N5O5PRe·0.5H2O: C, 40.81 (40.58); H, 2.32 (2.17); N, 7.00 (6.72). ATR-FTIR: 418, 

477, 514, 543, 557, 726, 781, 838, 1234, 1364, 1363, 1589, 1626, 1673, 1713, 1905, 2028 cm-1. 

6-phenoxy-2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (PONI).  1H NMR (400 

MHz, CD2Cl2), δ 8.78 (dd, J = 8.4, 1.2 Hz, 1H), 8.66 (dd, J = 7.3, 1.2 Hz, 1H), 8.45 (d, J = 8.3 Hz, 

1H), 7.84 (dd, J = 8.4, 7.3 Hz, 1H), 7.55 – 7.47 (m, 2H), 7.39 – 7.30 (m, 3H), 7.27 – 7.22 (m, 2H), 

7.18 (d, J = 8.2 Hz, 2H), 6.96 (d, J = 8.3 Hz, 1H), 2.46 (s, 3H). MS [HR-ESI (CH2Cl2) m/z] 

380.1289 [M+H]+, calcd (C25H18NO3) 380.1287. Anal. Calcd (found) for C25H17NO3·0.1H2O: C, 

78.77 (78.84); H, 4.55 (4.73); N, 3.67 (3.67). ATR-FTIR: 485, 696, 753, 779, 804, 1136, 1177, 

1201, 1236, 1356, 1575, 1660, 1699 cm-1. 

[Re(PONI-phen)(CO)3(dmap)](PF6) (Re3). 1H NMR (400 MHz, CD2Cl2), 9.58 (ddd, J = 

11.6, 5.2, 1.4 Hz, 2H), 8.94 (dd, J = 8.5, 1.2 Hz, 1H), 8.82 (dd, J = 8.4, 1.4 Hz, 1H), 8.71 (ddd, J = 

15.9, 7.3, 1.2 Hz, 1H), 8.56 – 8.44 (m, 2H), 8.24 (s, 1H), 8.16 (dd, J = 8.3, 5.2 Hz, 1H), 8.08 – 8.01 

(m, 1H), 7.93 (ddd, J = 8.4, 7.3, 4.5 Hz, 1H), 7.65 (dd, J = 7.4, 2.2 Hz, 2H), 7.59 – 7.50 (m, 2H), 

7.38 (td, J = 7.4, 1.2 Hz, 1H), 7.29 (dd, J = 7.5, 1.2 Hz, 2H), 7.01 (dd, J = 8.3, 4.4 Hz, 1H), 6.26 

(dd, J = 7.3, 5.2 Hz, 2H), 2.91 (s, 3H), 2.90 (s, 3H). MS [HR-ESI (CH2Cl2) m/z] 858.1478 

[M−PF6]
+, calcd (C40H27N5O6

185Re) 858.1491. Anal. Calcd (found) for C40H27F6N5O6PRe·H2O: 
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C, 46.97 (47.06); H, 2.86 (2.68); N, 6.85 (6.79). ATR-FTIR: 557, 781, 840, 1206, 1236, 1254, 

1356, 1579, 1626, 1671, 1707, 1907, 2028 cm-1. 

6-(phenylthio)-2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (PSNI). 1H NMR 

(400 MHz, CD2Cl2), δ 8.73 (dd, J = 8.5, 1.1 Hz, 1H), 8.64 (dd, J = 7.3, 1.1 Hz, 1H), 8.35 (d, J = 

7.9 Hz, 1H), 7.84 (dd, J = 8.5, 7.3 Hz, 1H), 7.61 – 7.53 (m, 2H), 7.51 – 7.45 (m, 3H), 7.39 – 7.32 

(m, 3H), 7.16 (d, J = 8.1 Hz, 2H), 2.45 (s, 3H). MS [HR-ESI (CH2Cl2) m/z] 396.1058 [M+H]+, 

calcd (C25H18NO2S) 396.1058. Anal. Calcd (found) for C25H17NO2S: C, 75.93 (75.66); H, 4.33 

(4.56); N, 3.54 (3.54). ATR-FTIR: 445, 516, 685, 747, 777, 810, 904, 1134, 1175, 1185, 1230, 

1346, 1361, 1507, 1562, 1581, 1656, 1697 cm-1. 

[Re(PSNI-phen)(CO)3(dmap)](PF6) (Re4). 1H NMR (400 MHz, CD2Cl2), δ 9.57 (ddd, J = 

12.6, 5.1, 1.4 Hz, 2H), 8.84 (ddd, J = 24.3, 8.5, 1.3 Hz, 2H), 8.70 (ddd, J = 16.3, 7.3, 1.1 Hz, 1H), 

8.48 (dd, J = 8.5, 1.3 Hz, 1H), 8.36 (dd, J = 15.7, 8.0 Hz, 1H), 8.23 (s, 1H), 8.16 (dd, J = 8.3, 5.2 

Hz, 1H), 8.04 (dd, J = 8.5, 5.1 Hz, 1H), 7.93 (ddd, J = 8.5, 7.4, 4.7 Hz, 1H), 7.67 – 7.62 (m, 4H), 

7.56 – 7.52 (m, 3H), 7.31 (dd, J = 8.0, 5.0 Hz, 1H), 6.26 (td, J = 5.5, 1.6 Hz, 2H), 2.91 (s, 3H), 

2.89 (s, 3H). MS [HR-ESI (CH2Cl2) m/z] 874.1242 [M−PF6]
+, calcd (C40H27N5O5S

185Re) 

874.1262. Anal. Calcd (found) for C40H27F6N5O5PReS: C, 47.06 (46.98); H, 2.67 (2.68); N, 6.86 

(6.78). ATR-FTIR: 557, 728, 751, 779, 838, 1234, 1363, 1585, 1626, 1671, 1709, 1905,  

2028 cm-1. 

[Re(PNI-phen)(CO)3(dmap)](PF6) (Re5). 1H NMR (400 MHz, CD2Cl2), δ 9.56 (ddd, J = 

13.1, 5.1, 1.4 Hz, 2H), 8.80 (dd, J = 8.3, 1.4 Hz, 1H), 8.66 – 8.44 (m, 4H), 8.22 (s, 1H), 8.14 (dd, 

J = 8.3, 5.2 Hz, 1H), 8.02 (dd, J = 8.5, 5.1 Hz, 1H), 7.79 (ddd, J = 8.5, 7.3, 5.3 Hz, 1H), 7.64 (d, J 

= 7.4 Hz, 2H), 7.27 (dd, J = 8.2, 6.1 Hz, 1H), 6.26 (d, J = 7.4 Hz, 2H), 3.36 (m, J = 5.4 Hz, 4H), 

2.91 (s, 6H), 1.92 (m, J = 10.7 Hz, 4H), 1.78 (m, 2H). MS [HR-ESI (CH2Cl2) m/z] 849.1945 
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[M−PF6]
+, calcd (C39H32N6O5

185Re) 849.1964. Anal. Calcd (found) for C39H32F6N6O5PRe·H2O: 

C, 46.20 (46.17); H, 3.38 (3.16); N, 8.29 (8.10). ATR-FTIR: 557, 781, 840, 1232, 1365, 1583, 

1626, 1664, 1701, 1909, 2028 cm-1. 

[Re(phen)(CO)3(dmap)](PF6) (Re6). 1H NMR (400 MHz, CD2Cl2), δ 9.51 (dd, J = 5.1, 1.4 

Hz, 2H), 8.79 (dd, J = 8.3, 1.4 Hz, 2H), 8.17 (s, 2H), 8.10 (dd, J = 8.3, 5.1 Hz, 2H), 7.53 (d, J = 

7.4 Hz, 2H), 6.19 (d, J = 7.4 Hz, 2H), 2.86 (s, 6H). MS [HR-ESI (CH2Cl2) m/z] 571.0909 

[M−PF6]
+, calcd (C22H18N4O3

185Re) 571.0908. Anal. Calcd (found) for 

C22H18F6N4O3PRe·0.5H2O: C, 36.37 (36.52); H, 2.64 (2.42); N, 7.71 (7.59). ATR-FTIR: 557, 724, 

836, 1626, 1897, 1919, 2025 cm-1. 

2.3.3. General Techniques 

1H and 13C NMR spectra were recorded on a Varian Inova 400 NMR operating at a working 

frequency of 400 MHz for 1H. All chemical shifts were referenced to residual solvent signals. 

High-resolution electron spray ionization mass spectrometry (ESI-MS) were performed at 

Michigan State University Mass Spectrometry Facility. Elemental analysis data was measured by 

Atlantic Microlab, Inc., Norcross, GA. Attenuated total reflectance Fourier-transform infrared 

(ATR-FTIR) spectroscopy was performed using the Bruker Alpha Platinum ATR. Optical 

absorption spectra were measured on a Shimadzu UV-3600 spectrometer. Steady-state 

luminescence spectra were obtained from an Edinburgh FS 920. Quantum yield measurements 

were performed on NI and BrNI using anthracene in aerated ethanol as the standard (ΦPL = 0.28),66 

PONI using 9,10-diphenylanthracene in aerated cyclohexane as the standard (ΦPL = 0.97),66  PSNI 

and Re1-Re6 using [Ru(bpy)3](PF6)2 in aerated acetonitrile as the standard (ΦPL = 0.018),66 and 

PNI in acetonitrile using PNI in aerated toluene as the standard (ΦPL = 0.91).64  
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2.3.4. Nanosecond Transient Absorption Spectroscopy  

Transient absorption measurements were collected using a LP920 laser flash photolysis 

system (Edinburgh Instruments) described previously.67 Samples were prepared to have a 25 μM 

concentration (3.0 mJ/pulse) in a 1 cm path length quartz optical cell and degassed using the freeze-

pump-thaw technique. All transient absorption experiments were performed at room temperature. 

The reported difference spectra and kinetic data are the average of 50 laser shots. The ground state 

absorption spectra were taken before and after each experiment to ensure there was no sample 

degradation. The transient kinetic data was evaluated using the fitting routines available in 

OriginPro 2016. 

2.3.5. Femtosecond Transient Absorption Spectroscopy.  

The transient absorption measurements were performed at the NCSU Imaging and Kinetic 

Spectroscopy (IMAKS) Laboratory using a mode-locked Ti:sapphire laser (Coherent Libra) as 

described previously.68 The pump beam was directed into a parametric amplifier (Coherent OPerA 

Solo) to generate the 350 and 400 nm excitation. The probe beam was focused onto a calcium 

fluoride crystal to generate a white light continuum between 350 to 775 nm. The pump beam was 

focused and overlapped with the probe beam through a 2 mm path length cuvette. The ground-

state absorption spectra were taken before and after each experiment to ensure there was no sample 

photo-degradation during the experiment. The transient kinetic data at specific wavelengths was 

evaluated using the fitting routines available in OriginPro 2016. The global fit analysis was 

performed using Surface Xplorer available from Ultrafast Systems. 

2.3.6. Time-Resolved Emission Intensity Decay Measurements 

 

Single wavelength emission intensity decays at 77 K and room temperature were acquired 

with an LP920 laser flash photolysis system (Edinburgh Instruments) using the Vibrant 355 LD 
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Nd:YAG/OPO system (OPOTEK) as the excitation source (λex = 355/410 nm, ∼3.0 mJ/pulse).  

Spectroscopic samples were prepared to have a 25 μM concentration and PL transients were 

collected at emission maximums for most experiments, with all exceptions noted in text. Time-

gated emission spectra were collected using the same system. Emission spectra and PL transients 

were collected with an iStar ICCD camera (Andor Technology), which was controlled by the L900 

software program (Edinburgh Instruments). Reported time-gated emission spectra are the average 

of 50 laser flashes. 

2.3.7. Density Functional Theory (DFT) Calculations 

The calculations utilized in this study were performed using the Gaussian 09 software 

package (revision D.01)69 and the computation resources of the North Carolina State University 

High Performance Computing Center. Ground state and triplet state geometry optimizations were 

performed using the B3LYP,70, 71 M06,72 and CAM-B3LYP functionals,73 along with the def2-

SVP basis set of the Alrichs group as implemented in Gaussian 09.74 The Stuttgart−Dresden 

effective core potentials (ECPs)75 were used to replace the core electrons in rhenium for all 

calculations.  The polarizable continuum model was used to simulate the acetonitrile solvent 

environment for all calculations.76 Frequency calculations were performed on all optimized 

structures and no imaginary frequencies were obtained. The TD-DFT calculations were performed 

using the same conditions as described for the geometry optimizations.77-79 The energy and 

oscillator strengths were computed for each of the 50 lowest singlet excitations. The natural 

transition orbitals of the low-lying singlet and triplet transitions were generated using GaussView 

5.0.80 
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 Results and Discussion  

2.4.1. Syntheses 

The schemes used to synthesize all the chromophores in this study are collected in Scheme 

2.1. Briefly, the naphthalimide chromophores were prepared by departing from the corresponding 

naphthalene anhydride (either unsubstituted or substituted with Br or NO2 in the 4- position) and 

reacting with a primary amine (p-toluidine or 5-amino-1,10-phenanthronline) using published 

protocols to generate the NI and BrNI model chromophores and ligands (NI-phen and BrNI-phen), 

along with the nitronaphthalimide intermediates (NNI and NNI-phen).46 The nitro group was 

substituted by refluxing the nitronaphthalimide in DMF with a phenol or thiolbenzene under basic 

conditions or piperidine to yield the other three naphthalimide chromophores and ligands (PONI, 

PSNI, PNI, PONI-phen, PSNI-phen, and PNI-phen).33, 44, 81, 82 The 5-substituted phenanthroline 

ligands were coordinated to Re(CO)5Cl using published protocols.34 The chloride ligand was 

subsequently removed by refluxing fac-Re(L-L)(CO)3Cl with silver triflate in ethanol, forming the 

solvato-complex. The silver chloride precipitate was removed by filtration over Celite. The dmap 

ligand was finally added to the isolated solvato-complex and refluxed in ethanol to yield the 

desired product (Re1-Re6). The final isolated products (facial isomers) were structurally 

characterized using 1H NMR spectroscopy, high resolution mass spectroscopy, elemental analysis, 

and FT-IR spectroscopy. Furthermore, the molecular structures of the bichromophores Re1 to Re5 

were confirmed using 1H-1H COSY NMR spectroscopy. 
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Scheme 2.1. Synthetic procedures for the preparation of NI, BrNI, PONI, PSNI and Re1-Re6. 
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2.4.2. UV-vis Electronic Spectra  

The electronic spectra for the model compounds and bichromophores measured in 

acetonitrile are presented in Figure 2.2, with additional spectroscopic data collected in Table 2.1. 

The NI and BrNI chromophores both have structured lowest energy electronic transitions with a 

maximum absorbance corresponding to a π→π* transition at 332 and 340 nm, respectively (Figure 

2.2a). In PONI, PSNI, and PNI, the low energy transition, which is now broad and featureless, 

red shifts progressively (359, 384, and 407 nm, respectively) and is consistent with possessing 

significant charge transfer character as demonstrated in prior work, Figure 2.2a.33, 44, 46 All five 

naphthalimide model chromophores possess relatively intense low energy transitions with molar 

extinction coefficients ranging from 11300 to 17100 M-1cm-1, Figure 2.2a. The model Re(I) 

compound (Re6) has a broad and featureless absorption band centered at 368 nm which is assigned 

to the d𝜋(Re)→𝜋*(phen) MLCT transitions and a higher energy band at 276 nm which 

corresponds to the π→π* transitions localized on the phen ligand, Figure 2b. As also illustrated in 

Figure 2.2b, the low energy electronic transitions observed in each of the bichromophores (Re1-

Re5) emulates that expected for a simple mixture of the composing molecules. This is illustrated 

in Figures A40-S41, where the absorption spectrum of Re6 is added to that of the appropriate NI 

model compound’s absorption spectrum. In all cases, the additive and measured spectra of the five 

bichromophores were found to be in good quantitative agreement, illustrating that there is no 

significant electronic communication between the respective subunits.  
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Figure 2.2. (A) Electronic spectra of NI, BrNI, PONI, PSNI, and PNI recorded in acetonitrile. 

(B) Electronic spectra of Re1-Re6 recorded in acetonitrile. 
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Table 2.1. Static photophysical properties of the NI, BrNI, PONI, PSNI, PNI model 

compounds and Re1-Re6 measured in acetonitrile (black) and THF (blue).    

Molecule 
λabs max/nm 

(ε/M-1cm-1)[a] 

λem max/nm 

(RT)[a] 

λem max/nm 

(77 K)[b,c] 

Φem 

in air[a] 

Φem 

deaerated[a,d] 

NI 332 (14200) 374, 506 538 0.0005[e] --- 

 330 (12500) 375, 486  0.0004[e]  

BrNI 340 (17100) 387, 537 553 0.0005[e] --- 

 339 (16300) 379, 514  0.0005[e]  

PONI 359 (15601) 431 416,[f] 547 0.18[g] --- 

 357 (14300) 422  0.038[g]  

PSNI 384 (14700) 518 450,[f] 579 0.004[h] --- 

 382 (13900) 500  0.006[h]  

PNI 407 (11300) 539 492,[f] 605 0.084[i] --- 

 398 (11300) 516  0.81[i]  

Re1 334 (20400) 630[d] 536, 512 0.0030[h] 0.014[h] 

 334 (20200) 614[d]  0.0028[h] 0.020[h] 

Re2 343 (23200) 626[d] 555, 516 0.0014[h] 0.011[h] 

 343 (23900) 617[d]  0.0014[h] 0.015[h] 

Re3 364 (21600) 435, 628[d] 546, 514 0.0023[h] 0.014[h] 

 363 (24000) 611[d]  0.0014[h] 0.018[h] 

Re4 392 (20700) 613[d] 577, 516 0.0011[h] 0.0035[h] 

 393 (20700) 613, 645[d]  0.0010[h] 0.0082[h] 

Re5 415 (15800) 548[d] 595, 512 0.0032[h] 0.0031[h] 

 410 (15400) 523[d]  0.0087[h] 0.011[h] 

Re6 368 (3160) 602[d] 507 0.011[h] 0.024[h] 

 372 (3600) 601[d]  0.016[h] 0.029[h] 
[a] Room temperature measurements were made with ACN or THF as a solvent. [b] 77 K 

measurements were made with 2-methyl-THF. [c] Emission maximum determined from time-

gated PL spectra using the LP 920. [d] Samples deaerated using freeze-pump-thaw method. [e] 

Quantum yields were measured using anthracene in aerated ethanol as the standard (ΦPL = 

0.28).66 [f] Emission maximum determined from steady-state PL spectra using the FS 920.  [g] 

Quantum yields were measured using 9,10-diphenylanthracene in aerated cyclohexane as the 

standard (ΦPL = 0.97).66 [h] Quantum yields were measured using [Ru(bpy)3](PF6)2 in aerated 

acetonitrile as the standard (ΦPL = 0.018).66 [i] Quantum yields were measured using PNI in 

aerated toluene as the standard (ΦPL = 0.91).64 

 

2.4.3. Electronic Structure Calculations 

Time-dependent density functional theory (TD-DFT) calculations were performed on all 

the molecules to glean insight into the nature of the lowest energy electronic transitions observed 

experimentally. The B3LYP, M06, and CAM-B3LYP functionals were used to perform the ground 

state geometric optimization and the corresponding TD-DFT calculations, Table A2. Across the 
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series of naphthalimide model chromophores, the M06 functional yielded the best quantitative 

modeling of the transition energies, whereas the B3LYP functional was consistently lower in 

energy and the CAM-B3LYP functional was consistently higher in energy. Unfortunately, both 

the B3LYP and M06 functionals did not adequately model the PSNI chromophore, as both 

predicted a low energy transition with significant oscillator strength that was not observed 

experimentally. By using the long-range corrected functional, CAM-B3LYP, the energies of the 

calculated low energy transitions were all overcorrected (rendered too high in energy), however 

the trend in relative energies observed in the experimental data were revealed in the low energy 

transitions using this functional. Natural transition orbital analysis for the S0→S1 and S0→S2 

transitions using the M06 and CAM-B3LYP functionals was performed on the naphthalimide 

chromophores, Figures A82-S86. The S0→S1 transition across the series can be best described as 

being π→π* in character, with a small amount of charge transfer observed in PONI and a 

significant amount observed in both PSNI and PNI. The S0→S2 transition varied a greater amount 

across the series and its value was functional dependent. This transition is considerably weaker 

than the S0→S1 transition (PSNI is the only exception) and was not observed experimentally. 

The same TD-DFT analysis was performed on the rhenium chromophores (Re1-Re6) with 

the calculated transitions available in Appendix A, Table A4. Using both the B3LYP and M06 

functionals, the calculated charge transfer transition for the Re(I) model (Re6) was predicted as 

too low in energy when compared to the experimental data (0.54 and 0.31 eV lower in energy for 

the B3LYP and M06 functionals, respectively). Moreover, many new charge transfer transitions 

in the bichromophores were calculated that were simply not observed experimentally. As with the 

naphthalimide model compounds, the CAM-B3LYP functional gave the best quantitative match 

to experimental data based on the trends observed experimentally. Natural transition orbital 



 

45 

 

 

analysis for the S0→S1, S0→S2, and S0→Sn transitions using the M06 and CAM-B3LYP 

functionals were performed on Re1-Re6, see Figures A87-S92. In the model MLCT chromophore 

Re6, the S0→S1 transition can best be described as charge transfer with electronic density 

originating from the metal and dmap ligands and transitioning to the phenanthroline ligand. This 

type of transition was observed in all the bichromophores near 3.66 eV (using the CAM-B3LYP 

functional) and represents the S0→S1 transition in Re1-Re3 and the S0→S2 transition in Re4-Re5. 

The ligand-centered transition localized on the naphthalimide chromophore was also clearly 

observed in all instances (based on energy and oscillator strength). Using the CAM-B3LYP 

functional, the NI-localized LC transition is the S0→S4 transition in Re1, the S0→S3 transition in 

Re2 and Re3, and the S0→S1 transition in Re4 and Re5. 

2.4.4. Static and Dynamic PL Spectroscopy 

The static PL spectra recorded for the model chromophores and Re(I) bichromophores in 

acetonitrile are presented in Figure 2.3, with additional spectroscopic data collected in Table 2.1. 

The NI and BrNI molecules have two observable emission bands in aerated acetonitrile at room 

temperature, Figure 2.3a. The high energy band in both molecules was structured with emission 

maxima at 374 and 387 nm, respectively, consistent with fluorescence from the S1 π→π* excited 

state. The low energy PL observed was broad, featureless, and sensitive to solvent polarity, with 

emission maxima at 506 and 537 nm, respectively. Additionally, excitation spectra were measured 

in acetonitrile at the high and low energy emission maxima for both dual-emitting chromophores. 

Regardless of the monitored wavelength, the recorded spectra mimic the low energy transition 

observed in the electronic spectra of NI and BrNI, supporting the assignment as dual emission 

(Figures A43-44). The low-energy emission bands likely originate from a conformational change 

of the molecule and the formation of planar-intramolecular charge transfer (PICT) excited states. 
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This dual emission phenomenon has been documented by multiple research groups and 

demonstrated to occur when the N-aryl group of the 1,8-napthalimide is substituted with an 

electronically donating substituent.63, 83-85 First documented by Bérces and coworkers, a series of 

1,8-napthalimides were prepared using an unsubstituted phenyl ring as the model and adding 

electron donating or withdrawing substituents to the para position of the N-aryl group (among 

many other NI derivatives). In their model system, only the short-wave fluorescence emission (386 

nm in ACN) originating from the S1 π→π* excited state was observed. By adding an electron 

donating group (p-MeO) to the N-aryl group, the two low-lying excited states undergo pseudo-

Jahn-Teller coupling which allows the excited state to cross to the nearly isoenergetic S2 potential 

energy surface. Once on this surface, the N-aryl group rotates to nearly a coplanar geometry with 

the naphthalimide and stabilizes the charge transfer excited state. In the p-MeO substituted 

molecule, the long-wave fluorescence (603 nm in ACN) originating from the S2 CT excited state 

is observed almost exclusively.85 In the case of NI and BrNI, the p-methyl on the N-aryl group is 

electronically more donating than hydrogen but less so than a p-MeO so it is probable that some 

degree of pseudo-Jahn-Teller coupling takes place, therefore supporting the observation of both 

short-wave and long-wave fluorescence bands in NI and BrNI. 

The PONI, PSNI, and PNI molecules all have broad and featureless fluorescence spectra, 

with maxima at 431, 518, and 539 nm, respectively, Figure 2.3a. When PONI, PSNI, and PNI are 

dissolved in lower polarity solvents such as THF or toluene, they experience positive 

solvatochromism whereas the corresponding PL spectra shift to lower energy with increasing 

medium polarity. The combination of the broad featureless emission spectra and solvatochromic 

nature of this PL are both indicative of charge transfer character in the emissive state of these three 

molecules. In acetonitrile, the emission quantum yield of PONI is substantial (𝛷𝐹 = 0.18), 
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followed by PNI and PSNI (𝛷𝐹 = 0.084 and 0.004, respectively). When dissolved in a lower 

polarity solvent, such as THF, the PNI becomes the most emissive (𝛷𝐹 = 0.81), followed by PONI 

and PSNI (𝛷𝐹 = 0.038 and 0.006, respectively). In the case of NI, BrNI, PSNI, the low 

fluorescence quantum yields are likely due to efficient intersystem crossing (ISC) from the S1 

excited state to the triplet manifold.61 The PONI chromophore has a substantially larger 

fluorescence quantum yield and likely has less efficient ISC. The emission intensity of PNI is 

extremely solvent dependent where fluorescence quantum yields greater than 90% persist in 

nonpolar solvents such as toluene. In this case, the fluorescence is likely quenched through another 

mechanism, such as twisted intermolecular charge transfer (TICT) states as the solvent polarity 

plays a large role in TICT excited state decay.86-88  
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Figure 2.3. Room temperature emission spectra of (A) NI (𝜆ex = 325 nm), BrNI (𝜆ex = 325 nm), 

PONI (𝜆ex = 355 nm), PSNI (𝜆ex = 395), and PNI (𝜆ex = 395) recorded in aerated acetonitrile and 

of (B) Re1-Re6 (𝜆ex = 385) recorded in deaerated acetonitrile.  

 

The Re(I) model complex (Re6) displays a broad, featureless PL emission band centered 

at 602 nm, which originates from the 3MLCT excited state, Figure 2.3b. The light emission of Re6 

is quenched by molecular oxygen and possesses a lifetime of 176 ns in deaerated acetonitrile 

(Figure A48), consistent with the lowest excited state being triplet in origin. Similarly, 3MLCT PL 

was observed in Re1-Re4, however the spectral profiles are slightly red-shifted to 628 nm in these 

molecules, Figure 2.3b. Furthermore, the naphthalimide fluorescence is quantitatively quenched 

in Re1 and Re2 (not shown), predominantly quenched in Re3, appears as a shoulder in Re4, and 
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is the PL spectrum primarily observed in Re5, Figure 2.3b. Since prior studies have demonstrated 

that Förster-like energy transfer is the primary quenching pathway of the naphthalimide 

fluorescence in related metal-organic chromophores,33, 44 this implies that the energy transfer 

efficiency is decreasing as the fluorescence of the appended naphthalimide red-shifts. The fact that 

there is less spectral overlap between the singlet fluorescence donor emission (naphthalimide) and 

the acceptor absorbance (Re-CDI) as the naphthalimide red-shifts supports these experimental 

observations being consistent with resonance energy transfer quenching across the series. The PL 

quantum yields of the bichromophores are smaller than that of Re6 with Re1-Re3 having about 

half the efficiency when compared to the model chromophore (𝛷𝑃𝐿 = 0.013, 0.009, and 0.011, 

respectively). The other two bichromophores (Re4 and Re5) have substantially less MLCT-based 

PL and in the case of Re5, the observed spectrum is composed of predominately unquenched 

fluorescence from the PNI moiety. As demonstrated in our previous study, the MLCT 

phosphorescence in the bichromophores is mostly derived from the triplet excited state equilibrium 

formed between the 3MLCT and 3LC states, with the population of the higher energy 3MLCT 

excited state based on a Boltzmann distribution.33 Therefore, the lower the energy of the 3NI 

excited state (as in Re4 and Re5), the lower the relative population of the 3MLCT excited state 

and therefore less PL emanating from that state.  

PL intensity decays of the metal-organic bichromophores were collected at 600 nm to 

investigate the population decay kinetics of the 3MLCT state whose data are collected in Table 

2.2. In Re1-Re3, the emission intensity decays were adequately fit to biexponential functions 

whose average lifetimes were much longer lived with respect to the Re-CDI model complex, 

suggesting that equilibrium is indeed operative between the 3MLCT and 3NI excited states.33, 44 

The biexponential nature of these decays have been previously observed and attributed to 
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concentration-dependent self-quenching.33, 44, 46, 61 To simplify comparisons between molecules, 

average lifetimes were used and it was determined that Re1 possessed the shortest lifetime when 

compared to Re2 and Re3 measured at matched concentrations under identical experimental 

conditions. Furthermore, time-gated PL spectra acquired at numerous delay times confirmed that 

the emission originated from the 3MLCT excited state in all instances, Figure A49. There was no 

evidence of any delayed 3MLCT PL in Re4 and Re5, instead only prompt emission from a 

combination of the naphthalimide fluorescence and strongly quenched MLCT PL was observed. 

Time-gated PL spectra confirmed these findings as there was little delayed emission observed 

beyond those prompt signals seen in Re4 and Re5. Since these molecules have the lowest 3NI 

energies, it is likely that the energy gap is too large to enable thermal population of the higher lying 

3MLCT excited state at room temperature and therefore no delayed PL could be observed.  

Since phosphorescence was not observed from the 3LC excited state in any of the metal-

organic bichromophores at room temperature, each molecule was dissolved in 2-

methyltetrahydrofuran (2-MeTHF) and frozen at 77 K by immersion in liquid N2. At this 

temperature, the distinct phosphorescence from the 3NI excited states in each instance (Re1-Re5) 

was experimentally distinguished from the 1NI and 3MLCT states using time-gated PL, Figure 2.4. 

The PL spectra measured at 1 µs was broad and featureless, with a maximum near 515 nm for all 

bichromophores (Re1-Re5), very closely matching that of the model MLCT complex Re6. We 

conclude that the origin of the emission observed at this time delay emanates from the 3MLCT 

state resident on the Re-CDI complex. Extending the observation onset to 25 ms after the laser 

pulse, the observed PL was red-shifted with respect to the 3MLCT PL spectrum, and is vibronically 

structured, suggesting that the emission now originates from the 3NI excited state. To confirm 

these assignments, the naphthalimide models were also measured at 77 K under identical 
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conditions, revealing emission spectra that were very close in energy and spectral features to those 

of the bichromophores measured at 25 ms delay, Figure A50. The PL decays at 77 K were well 

modeled using biexponential kinetics for the bichromophores where the first component 

corresponded to the decay of the 3MLCT excited state (τ ~ 11 µs) and the second component 

corresponded to the decay of the extremely long-lived 3NI excited state (τ ≥ 10 ms). Since both the 

3MLCT and 3NI excited states decay independently at 77 K, the excited state equilibrium observed 

at room temperature in Re1-Re3 no longer takes place, thereby eliminating any observation of 

delayed 3MLCT PL.  

Table 2.2. Time-resolved PL and TA data recorded for Re1-Re6 in acetonitrile.   

Molecule 
𝜏𝑃𝐿  

(298 K)[a] 

𝜏𝑃𝐿 𝑎𝑣𝑒 

(298 K)[b] 

𝜏𝑇𝐴  
(298 K)[c] 

𝜏𝑇𝐴 𝑎𝑣𝑒 

(298 K)[d] 

𝜏𝑃𝐿  
(77 K)[e] 

Re1 6.5 µs, 27.0 µs 14.5 µs 6.6 µs, 19.6 µs 11.9 µs 11.1 µs, 544 ms 

Re2 9.5 µs, 60.7 µs 56.6 µs 21.9 µs, 81.3 µs 53.7 µs 10.6 µs, 8.6 ms 

Re3 16 µs, 64.6 µs 54.7 µs 18.8 µs, 70.0 µs 42.2 µs 12.6 µs, 612 ms 

Re4 < 15 ns --- 34.2 µs, 186 µs 116 µs 10.6 µs, 102 ms 

Re5 < 15 ns --- 43.9 µs, 177 µs 136 µs 9.2 µs, 288 ms 

Re6 176 ns --- 182 ns --- 13.6 µs 
[a] PL decay of Re1-Re6 (25 ± 2 μM) measured at 600 nm in deaerated acetonitrile at room 

temperature. [b] Average time constant determined from a weighted average of biexponential 

components measured in deaerated acetonitrile at room temperature. [c] Transient absorption 

intensity decay of Re1-Re6 (25 ± 2 μM) measured at 470 nm (Re1), 480 nm (Re2), 480 nm 

(Re3), 670 nm (Re4), 480 nm (Re5), 475 nm (Re6) in deaerated acetonitrile at room temperature. 
[d] Average time constant determined from a weighted average of biexponential components 

measured in deaerated acetonitrile at room temperature. [e] PL decay of Re1-Re6 measured at 535 

nm (Re1), 555 nm (Re2), 550 nm (Re3), 575 nm (Re4), 600 nm (Re5), 500 nm (Re6) in 2-

MeTHF at 77 K. 
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Figure 2.4. Time-resolved 77 K PL emission spectra of Re1-Re6 at the specified delay times 

following a 7 ns fwhm, 350 nm (Re1-Re3) or 400 nm (Re4-Re6) laser pulse in 2-MeTHF. 
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2.4.5. Transient Absorption Spectroscopy 

When attaching the NI or BrNI structural motif to the Re(I) chromophore, as in the case 

for Re1 and Re2, the observed excited state processes are consistent with energy transfer occurring 

between the chromophores. As presented in Figure 2.5, following 350 nm excitation, a transient 

absorption feature near 475 nm is promptly observed and quantitatively matches that of the S1 

excited state absorptions observed in the NI moiety, Figure A51. Unlike the model chromophore, 

this transient feature in Re1 decays rapidly (τ = 400 fs) with a new absorption appearing at 370 

nm (τ = 315 fs) along with a broad feature near 525 nm that spans into the NIR region. This excited 

state transient is completely formed by 5 ps and is assigned as the 3MLCT state of the Re(I) 

chromophore as it matches the excited state features observed in the Re(I) model (Re6) measured 

under the same experimental conditions, Figure A68. The transition from the 1LC, π,π* state 

localized on the NI chromophore to the 3MLCT state was found to have a time constant of 400 fs 

as this matches the decay of the 470 nm transient feature and the subsequent growth of the 370 nm 

feature, Figure A54. Going from 5 ps through the end of the delay stage on the nanosecond 

timescale, the broad excited state absorbance from 500 nm to the NIR decreases in intensity 

whereas the transient feature at 470 nm grows in; the latter has been previously assigned to the 

3LC triplet excited state localized on the NI chromophore. The kinetic transition from the 3MLCT 

excited state to the 3LC excited state was tracked by analyzing the growth of the 470 nm transient 

feature, which corresponded to a time constant of 4.1 ± 0.2 ns. Since NI has its major low energy 

absorption band positioned well into the UV, the MLCT state could be selectively excited in Re1, 

Figure A53. Using 400 nm as the excitation source, the initially observed features at 510 fs 

revealed the presence of the 3MLCT state with a concomitant growth of the 3LC feature (470 nm) 

occurring with a similar time constant as measured with 350 nm laser pulses, τ = 4.0 ns. Re2 
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displays similar excited state features and kinetics to that measured in Re1, demonstrating that the 

addition of the bromo substituent to the naphthalimide does not drastically alter the cascade of 

excited states or their relative time constants, Figures A56-S58.  
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Figure 2.5. Excited-state absorption difference spectra of Re1 in ACN during short delay times 

(A) and long delay times (B) following 350 nm pulsed excitation (105 fs fwhm). 

 

When the PONI chromophore is attached to the Re(I) subunit, as in Re3, the effects of 

energy transfer between chromophores are also clearly delineated. When using 350 nm laser 

pulses, the excited state difference spectrum of Re3 at 250 fs quantitatively matches that of the 

PONI model, suggesting that the initial excited state is indeed localized on the PONI 



 

55 

 

 

chromophore, Figure 2.6. The excited state absorbance at 450 nm undergoes a similar 

thermalization process observed with the PONI model, except now when the blue-shifted excited 

state absorbance at 425 nm decays, a new excited state feature at 360 nm grows in and matches 

that of the 3MLCT excited state of the Re(I) model Re6. The change in these absorption features 

suggests vibrational relaxation from the initially populated Franck-Condon state localized on the 

PONI moiety (τ = 170 fs) is followed by resonance energy transfer to the Re(I) chromophore (τ = 

1.5 ps) with subsequent ultrafast intersystem crossing to the 3MLCT excited state. When 

examining the kinetics at 370 nm, the data is best fit to a sum of three exponentials yielding one 

time constant (τ = 26 ps) matching that observed in Re6 measured under the same conditions, 

Figure A69. Towards the end of the delay stage, the excited state absorbance at 360 nm and at 725 

nm decrease in intensity as the excited state feature at 475 nm, assigned as the triplet localized on 

the PONI, gains intensity. The growth of this 475 nm feature is best fit to a single exponential 

function with a time constant of 4.4 ns, nearly matching what was observed in Re1 and Re2, Figure 

A60. The change in these spectral features suggest a triplet-triplet energy transfer process returning 

the excited state density from the 3MLCT state back to the 3LC state on the PONI ligand.  
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Figure 2.6. Excited-state absorption difference spectra of Re3 measured in acetonitrile across 

short (A) and long (B) delay times following 350 nm pulsed laser excitation (105 fs fwhm). 

 

Unlike Re1-Re3, when coupling the PSNI subunit to the Re(I) complex to yield Re4, there 

were no significant changes in terms of the transient absorption difference spectra and kinetics in 

comparison to the PSNI model chromophore. As displayed in Figure 2.7, the excited state 

absorption features for the short and intermediate time ranges in Re4 nearly match those observed 

in PSNI, suggesting that the 3LC formation does not proceed through the 3MLCT excited state as 

was observed in Re1-Re3. Following the first relaxation process at 450 nm, the kinetics in Re4 

are best modeled using a biexponential function recovering time constants consistent to those of 

the PSNI model (𝜏1 = 100 fs; 𝜏2 = 3.3 ps; see Figure A63). As stated earlier, the initial time 
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constant is assigned to vibrational relaxation of the initially prepared “hot” excited state whereas 

the second component is associated with the rotation of the N-phenanthroline and/or thiobenzene 

groups leading to the relaxed geometry of the 1PSNI charge transfer excited state. Since the 

fluorescence of the PSNI and the absorbance of the Re(I) complex have minimal spectral overlap, 

any possible FRET occurring between the two covalently linked molecules is likely inefficient and 

slow. To benchmark representative efficient and rapid FRET in a related molecule, a 45 ps time 

constant was observed for this process in a Re(I)-PNI bichromophore.33 Since internal conversion 

to a non-fluorescent excited state on the PSNI moiety is markedly faster (τ = 3.3 ps) with respect 

to an efficient FRET process, energy transfer to the Re(I) chromophore is no longer possible and 

excited state density remains fixed on the PSNI subunit in Re4. Following the decay of the excited 

state features in the intermediate time regime, subsequent formation of the long-lived 3NI excited 

state occurred with a time constant of 73 ps. The minor variation in the excited state difference 

spectra at long delay times are attributed to a minor fraction of 3MLCT excited state being 

generated as a result of non-selective sample excitation. When using 400 nm laser pulses in Re4, 

the 1NI excited state is predominately populated, however there is a small fraction of the 1MLCT 

excited state being generated in this experiment. Since population of the 1MLCT excited state will 

almost immediately intersystem cross to the 3MLCT excited state, the observed changes at long 

delay times are likely due to triplet-triplet energy transfer from the minor 3MLCT excited state 

population converting into the long-lived 3LC PSNI excited state. The time constant for this 

process was determined to be 2.9 ns in acetonitrile using global fit analysis, Figure A64. 
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Figure 2.7. Excited-state absorption difference spectra of Re4 measured in acetonitrile during 

short (A) intermediate (B) and long (C) delay times following 400 nm pulsed laser excitation (105 

fs fwhm). 

 

The excited state difference spectra recorded for the Re5 species is shown in Figure 2.8. 

At 300 fs, the excited state features quantitatively match those previously measured for the 1NI 

excited state localized on PNI. By kinetically tracking the excited state absorbance at 430 nm, the 

decay can best be fit to two time constants where the fast component (τ = 900 fs) is assigned to 

vibrational relaxation and the slower component (τ = 42 ps) corresponds to energy transfer to the 

Re(I) chromophore through the FRET mechanism as observed in the previous investigated Re(I)-

PNI bichromophore.33 Translating towards the end of the delay stage, the ground state bleach 

recovers as the excited state features at 470 and 750 nm increase, which are characteristic 
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signatures of the 3NI excited state, indicating the final triplet-triplet energy transfer process from 

the 3MLCT to the 3NI excited state. Following the kinetics of the transient features at 415 or 475 

nm reveal a single exponential time constant of 2.1 ns for this TTET process, Figure A66.  
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Figure 2.8. Excited-state absorption difference spectra of Re5 measured in acetonitrile during 

short (A) and long (B) delay times following 400 nm pulsed laser excitation (105 fs fwhm). 

 

The excited state absorption difference spectra measured in the microsecond time domain 

for the five Re1-Re5 bichromophores are presented in Figure 2.9. In each case, the observed 

excited state difference spectra were consistent with the ultrafast excited state difference spectra 

obtained at 6.1 ns, implying that the identical excited state was observed throughout the time scales 

of these two experiments. These excited state features continue to persist for tens to hundreds of 
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microseconds (Table 2.2), suggesting that the absorption features originate from a long-lived 3LC 

excited state in each instance. Since each naphthalimide model chromophore forms the 

corresponding triplet excited state independently (except in the case of PNI), the same transient 

absorption experiments were performed on the model molecules in order to compare the excited 

state difference spectra directly, Figure A70. The excited state difference spectra for NI and Re1, 

include two excited state absorptions at 370 and 475 nm, Figure 2.9a. The difference spectra for 

BrNI and Re2 are very similar to that of NI and Re1, where the two characteristic excited state 

absorptions were red-shifted to 380 and 490 nm, Figure 2.9b. The excited state difference spectra 

for PONI and Re3 have a broad excited state absorbance centered at 470 nm and a ground state 

bleach located at 365 nm (Figure 2.9c) while PSNI and Re4 have a broad excited state absorbance 

centered at 675 nm and a ground state bleach located at 390 nm, Figure 2.9d. The excited state 

difference spectrum for Re5 has a broad excited state absorbance with two peaks at 480 and 725 

nm and a ground state bleach located at 410 nm, Figure 2.9e. Previous experiments using 

thioxanthone sensitized the triplet excited state in PNI which is in qualitatively good agreement to 

the excited state difference spectra presented for Re5 in Figure 2.9e.44 The transient absorption 

decay kinetics were also collected for each of the NI models and presented in Appendix A (Figures 

A71-74). 
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Figure 2.9. Excited-state absorption difference spectra of Re1 (A), Re2 (B), Re3 (C), Re4 (D), 

and Re5 (E) measured in acetonitrile following 350 nm pulsed laser excitation (2.5 mJ/pulse, 7 

ns fwhm) or 400 nm pulsed laser excitation (3.0 mJ/pulse, 7 ns fwhm). Samples were deaerated 

using the freeze-pump-thaw degas method.  
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2.4.6. Excited State Equilibrium 

The decay kinetics of the delayed 3MLCT PL and the 3LC excited state absorptions 

measured in Re1-Re3 at room temperature are very similar, suggesting that the two excited states 

in these molecules are indeed in thermal equilibrium. As observed previously, the time constant 

measured from both experiments was found to lie in between that of the anticipated 3MLCT decay 

(174 ns) and 3NI decay time constants (> 500 µs), indicative of a thermal equilibrium process 

occurring between the two triplet excited states.33, 44, 46 The excited state lifetime was shortest in 

Re1 and this is likely due to the energy gap between the two triplet excited states being smallest 

and therefore more rapid population of the shorter-lived 3MLCT excited state. As the energy gap 

between the triplet excited states increase across the series (based on 3LC phosphorescence data), 

the population of the higher energy 3MLCT excited state is anticipated to systematically decrease, 

resulting in excited state lifetime properties more characteristic of the organic chromophore. Once 

this energy gap becomes too large for sufficient population of the higher energy excited state at 

room temperature, the bichromophore photophysics in Re4 and Re5 then strongly resembles those 

of the PSNI and PNI models, respectively. The long-lived 3LC excited state absorption was also 

observed in Re4 and Re5, however, there was no significant evidence of delayed 3MLCT PL 

observed on similar time-scales and therefore no evidence for a triplet excited state equilibrium.  

The triplet energy gap between the 3NI and 3MLCT excited states in Re1-Re5 was 

estimated using several different experimental and electronic structure calculation-based 

methodologies as summarized in Table 2.3. The simplest method for estimating the energy gap 

between the two excited states is to compare the phosphorescence energies of the two emitting 

states using time-gated PL spectroscopy. Since the phosphorescence of the 3NI excited state was 

not observed at room temperature in any of the molecules under investigation, the 77 K PL spectra 



 

63 

 

 

(Figure 2.4) originating from the two excited states were resolved. From this spectral information, 

the energy gap was found to range from 2430 to 3900 cm-1 with Re1 having the smallest energy 

gap and Re5 having the largest energy gap. Unfortunately, this particular method cannot be 

considered reliable since the state energies of charge transfer states substantially shift when 

measured as 77 K glasses due to a combination of a pronounced thermally-induced Stokes shift 

and the rigidochromic effect. Since the naphthalimide chromophores have little to no charge 

character in their triplet excited states when compared to the parent Re(I) MLCT complex, the 

resulting phosphorescence of the naphthalimides shift insignificantly upon cooling to 77 K. 

Therefore, the calculated triplet energy gaps using this methodology are substantially 

overestimated with respect to room temperature. The 3MLCT/3NI energy gap for the five 

bichromophores were also estimated by taking the difference between the experimental room 

temperature MLCT PL tangent (using the highest energy side of the emission band and intersecting 

this with the x-axis) and the 77 K NI tangent to circumvent the temperature-dependent shift of the 

MLCT excited state energy. In this case, the energy gaps were determined to be much smaller, 

ranging from 600 to 2120 cm-1 with the energetic ordering following the respective compound 

numbering scheme, Re1 to Re5. The energy gaps calculated in this manner are likely more 

accurate to the true room temperature triplet separation but are believed to be slightly 

underestimated due to the < 500 cm-1 blue shift expected for the nonpolar naphthalimide triplet 

excited states resident in these metal-organic bichromophores.67, 89  
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Table 2.3. Calculated triplet energy gap of Re1-Re5 using different methodologies. 

Molecule 

Emission 

ΔEMLCT-NI 

(cm-1)[a,b] 

Emission 

ΔEMLCT-NI 

(cm-1)[a,c] 

Equilibrium 

ΔE 

(cm-1)[d] 

ΔSCF 

ΔERe6-NI 

(cm-1)[e] 

TD-DFT 

ΔET2-T1 

(cm-1)[f] 

Re1 2430 600 880 1740 2860 

Re2 2800 1070 1280 2430 3580 

Re3 2680 860 1180 2140 2860 

Re4 3650 1870 2000 2980 4060 

Re5 3900 2120 1860[g] 4020 4340 
[a] The E0,0 emission energies were estimated using highest energy side of the emission band 

and intersecting this with the x-axis. [b] The 3MLCT and 3NI emission measured at 77 K in 2-

MeTHF. [c] The 3MLCT emission taken at room temperature (in THF) with the 3NI emission 

measured at 77 K in 2-MeTHF. [d] The energy gap was calculated using equations 1-3 based on 

prior studies.33, 44 [e] The energy gap was calculated by subtracting the ΔSCF (TS-GS) energy of 

NI models from the ΔSCF (TS-GS) energy of the Re6 using DFT//CAM-B3LYP/Def2-

SVP/SDD level of theory.[f] The energy gap was calculated by subtracting the S0→T2 energy 

from the S0→T1 energy of Re1-Re5 using TD-DFT//B3LYP/Def2-SVP/SDD level of theory.[g] 

The 3NI rate constant was approximated to 6670 s-1 (τ ≈ 150 µs) since 3NI formation was not 

observed in PNI; estimated from previous triplet sensitization efforts using thioxanthone.   

 

The third method for estimating the energy gap was identical to our prior studies,33, 44 where 

the energy separation between the two triplet excited states can be approximated using the 

measured rate constants in Eqs. 2.1-2.3. The bimolecular nature of the 3MLCT emission of the 

bichromophores were simplified using a weighted average of the two components. Using Re1 as 

a representative example, the time constants obtained from transient absorption decays for NI, 

Re1, and Re6 were converted to rate constants (5.80 × 103 s-1, 8.40 × 104 s-1 and 5.50 × 106 s-1, 

respectively) and inserted into Eq. 2.1 to determine the relative population of each excited state. 

The relative population (α) is then used to determine the equilibrium constant (Keq) in Eq. 2.2, 

which was determined to be 69.2 in this instance. Finally, the equilibrium constant was substituted 

into the Arrhenius equation (Eq. 2.3) to determine the energy difference between the two excited 

states. Using this method, energy gaps of 880, 1280, 1180, 2000, and 1860 cm-1 were determined 

for Re1, Re2, Re3, Re4, and Re5 respectively. Please note that the model PNI chromophore does 
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not populate a triplet excited state without being photosensitized by a triplet donor such as 

thioxanthone. The resulting kinetics from this sensitization process are complicated (in addition to 

being concentration dependent) so the time constant for the triplet excited state decay was 

estimated as τ ≈ 150 µs. The energy gaps calculated in this manner agree well with the differences 

in the phosphorescence energies detailed above.  

 

𝑘𝑜𝑏𝑠 =  α[𝑘𝐿𝐶] + (1 −  α)[𝑘𝑀𝐿𝐶𝑇]    (Eq. 2.1) 

𝐾𝑒𝑞 =  
𝐿𝐶3

𝑀𝐿𝐶𝑇 
3 =  

𝛼

1 − 𝛼
      (Eq. 2.2) 

𝛥𝐸 =  −𝑅𝑇𝑙𝑛(𝐾𝑒𝑞)      (Eq. 2.3) 

The remaining approaches for estimating the energy gap between the two triplet excited 

states in Re1-Re5 was through DFT calculations. For the delta self-consistent field (ΔSCF) 

method, the optimized ground state and triplet state geometries of the model chromophores (NI, 

BrNI, PONI, PSNI, PNI and Re6) were used to estimate their energies. The estimated energy of 

the 3NI and 3MLCT excited states (depending on the functionals used) were calculated by taking 

the difference in the respective triplet state and ground state energies. Finally, the 3NI energy of 

the five naphthalimide model compounds were subtracted from the 3MLCT energy of Re6 to 

determine the energy gap. Using this approach, the trend in energy gaps correlate well with the 

other three experimental methods with values ranging from 1740 to 4020 cm-1. When comparing 

energy gaps obtained from the equilibrium method, there appears to be a systematic error of 

approximately 900 cm-1 where the ΔSCF approach overestimates the triplet gap. The TD-DFT 

method calculates the energies of the S0→T1 and S0→T2 transitions from the optimized ground 

state and takes the difference in energy between the two states. Using natural transition orbital 

(NTO) analysis, the 3NI and 3MLCT excited states can be clearly delineated for the S0→T1 and 
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S0→T2 transitions, respectively for Re1-Re5, Figures A87-S91. The same trend is observed here 

as was determined in the ΔSCF method, but now there appears to be a larger systematic error as 

the energy gaps using the NTOs range from 2860 to 4340 cm-1. 

Overall, the five approaches consistently varied with the anticipated trends in the energy 

gaps but had a larger variance when it came to the absolute values. The equilibrium method was 

likely the most accurate when estimating the energy gap but exact triplet excited state decay 

kinetics are needed for both model chromophores in order to be useful. The largest energy gaps 

previously reported for similar excited state equilibria between 2 triplet excited states in a metal-

organic bichromophores were 1680 cm-1 and 1740 cm-1,33, 41 so the energy gap in Re4 is 

sufficiently large for the 3NI decay kinetics to outcompete thermal activation of the 3MLCT excited 

state, thereby shunting the triplet equilibrium process. 

2.4.7. Excited State Evolution and Decay Kinetics 

The relevant energy level diagrams summarizing the observed photophysical processes of 

Re1-Re5 are displayed in Figure 2.10. Re1-Re3 follow the “ping-pong” energy transfer 

mechanism described previously,33 where the initially populated 1NI excited state localized on the 

naphthalimide subunit first transfers its energy to the 1MLCT excited state localized on the Re(I) 

chromophore. These three bichromophores feature significantly faster singlet energy transfer time 

constants (τ = 360 fs to τ = 1.5 ps) compared to the previous bichromophore containing PNI (τ = 

45 ps),33 due to greater spectral overlaps between the naphthalimide emission and Re(I) MLCT 

absorption. The second energy transfer process takes place once the 3MLCT excited state is 

formed, this time returning the excited state energy back to the naphthalimide chromophore 

yielding its long-lived 3NI excited state. While the 3NI is the lowest energy excited state, in Re1-

Re3 the 3MLCT is in sufficient energetic proximity enabling thermally activated reverse TTET 
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facilitating a triplet excited state equilibrium. This results in the generation of markedly extended 

lifetimes for the 3MLCT excited state, manifested through the observation of delayed MLCT-based 

PL.            

Re4 breaks the trend observed in the first three bichromophores by maintaining the excited 

state density localized predominately on the naphthalimide chromophore, following near identical 

excited state decay as that observed in the PSNI model. This occurs since the singlet energy 

transfer efficiency to the Re(I) chromophore is extremely slow (poor spectral overlap) and efficient 

internal conversion/intersystem crossing rapidly takes place within the PSNI subunit. Once the 

long-lived 3NI excited state is formed, it is also too low in energy with respect to the 3MLCT 

excited state to yield any excited state equilibrium, so subsequently no delayed MLCT PL is 

observed. Since intersystem crossing was not observed in the PNI chromophore, Re5 still relies 

on inefficient singlet energy transfer to the Re(I) chromophore in order to access the triplet 

manifold (despite the poor spectral overlap) resulting in another example of “ping-pong” energy 

transfer leading to the generation of the lowest excited state. However, unlike Re1-Re3, the energy 

gap between the 3MLCT and 3NI excited states in Re5 is simply too large for excited state 

equilibrium to become established at room temperature so this excited state dissipates non-

radiatively exclusively through the 3NI excited state. 
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Figure 2.10. Qualitative energy level diagrams of the photophysical processes occurring in Re1-

Re3 (A), Re4 (B), and Re5 (C) in acetonitrile at room temperature. 
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 Conclusions 

In this investigation, the excited state processes and the associated kinetics of a series of 

five distinct NI chromophores along with five Re(I)-NI bichromophores were elucidated using a 

combination of transient absorption spectroscopy and time-resolved PL spectroscopy. 

Additionally, the spectroscopic analysis was supported by electronic structure calculations to 

identify the origin of many of the observed electronic transitions. The series of naphthalimides 

were synthesized by substituting the 4-position of the naphthalimide with various substituents 

(hydrogen, bromine, phenoxy, thiobenzene, piperidine), resulting in changes to many of the 

requisite photophysical properties, including energies of the 1NI and 3NI states and fluorescence 

quantum yields. By covalently attaching these newly synthesized naphthalimide ligands to a Re(I) 

MLCT complex, a series of bichromophores were created to evaluate the energy transfer processes 

occurring between the two chromophores and the subsequent excited state equilibrium formed 

between the low energy 3MLCT and 3NI excited states. Four of the five bichromophores 

demonstrated “ping-pong” energy transfer where the initially excited naphthalimide chromophore 

was found to rapidly transfer its energy to the Re(I) chromophore. Following fast intersystem 

crossing and the formation of the 3MLCT excited state localized on the Re(I) chromophore, the 

excited state energy was back transferred to the naphthalimide chromophore and the formation of 

the 3NI state was observed. Excited state triplet equilibrium was observed in the three 

bichromophores featuring the highest energy 3NI excited states (Re1-Re3), resulting in the 

observation of delayed 3MLCT PL with lifetimes extending well into the microsecond time regime. 

The two bichromophores with the lowest energy 3NI excited states (Re4 and Re5) did not 

thermally populate the higher energy 3MLCT level. In these instances, 3NI ligand-centered 
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deactivation dominated the photophysical processes, decaying with lifetimes exceeding 100 𝜇s at 

room temperature.      
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 Energy Transfer Processes in Next-Generation Metal-Organic Bichromophores 

 

Portions of this chapter have been previously published in Inorganic Chemistry, 2020, 59 (12), 

8259-8271. DOI: https://doi.org/10.1021/acs.inorgchem.0c00644 

  

3.1. Abstract 

We present the synthesis, structural characterization, electronic structure calculations, and 

the ultrafast and supra-nanosecond photophysical properties of a series of five Re(I) 

bichromophores exhibiting metal-to-ligand charge transfer (MLCT) excited states based on the 

general formula fac-[Re(N^N)(CO)3(PNI-py)]PF6, where PNI-py is 4-piperidinyl-1,8-

naphthalimidepyridine and N^N is a diimine ligand (Re1-5), along with their corresponding model 

chromophores where 4-ethylpyridine was substituted for PNI-py (Mod1-5). The diimine ligands 

used include 1,10-phenanthroline (phen, 1), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bcp, 

2), 4,4′-di-tert-butyl-2,2′-bipyridine (dtbb, 3), 4,4′-diethylester-2,2′-bipyridine (deeb, 4), and 2,2’-

biquinoline (biq, 5). In these metal-organic bichromophores, structural modification of the diimine 

ligand resulted in substantial changes to the observed energy transfer efficiencies between the two 

chromophores as a result of the variation in 3MLCT excited state energies. The photophysical 

properties and energetic pathways of the model chromophores were investigated in parallel to 

accurately track the changes that arose from introduction of the organic chromophore pendant on 

the ancillary ligand. All relevant photophysical and energy transfer processes were probed and 

characterized using time-resolved photoluminescence spectroscopy, ultrafast and nanosecond 

transient absorption spectroscopy, and time-dependent density functional theory calculations. Of 

the five bichromophores in this study, four (Re1-4) exhibited a thermal equilibrium between the 

3PNI-py and the triplet 3MLCT excited state, drastically extending the lifetimes of the parent model 

chromophores. 

https://doi.org/10.1021/acs.inorgchem.0c00644
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 Introduction 

Rhenium(I) carbonyl diimine (Re-CDI) complexes of the generic form fac-

[Re(N^N)(CO)3(L)]+ (where N^N is a bidentate diimine ligand and L is a neutral ligand or anion) 

have been of interest to researchers since the first publication by Wrighton and coworkers in the 

1970s due to their diverse photophysical behavior.1 These molecules are thermally and 

photochemically stable, exhibit expansive photophysical tunability, and are relatively easy to 

synthesize.2 Since Wrighton and coworkers first reported a comprehensive investigation into 

Re(I)-CDI complexes, these molecules have become pivotal to the study of excited state electron 

transfer (ET) and energy transfer (EnT) processes. Applications that utilize such excited state 

chemistry include photochemical molecular devices, solar energy conversion, photovoltaics, 

chemical sensing, photoredox catalysis, biotechnology applications such as DNA intercalation, 

along with many others.3-11 

The myriad applications of Re-CDI complexes directly results from their low energy, 

visible absorption bands and their long-lived, solvent sensitive, lowest energy triplet metal-to-

ligand-charge-transfer (MLCT) excited states that are strongly photoluminescent.2, 3, 5, 8 The 

structure of these molecules enables facile synthetic manipulation of the diimine or ancillary 

ligands resulting in deterministic changes to the triplet MLCT photoluminescence (PL). Variation 

of the ancillary ligand modulates the energy levels of the Re(I) dπ-orbitals and therefore the 

HOMO energies.1, 12, 13 In contrast, modification of the diimine ligand affects the first reduction 

potential of the Re-CDI, altering the charge transfer energy via changes in the LUMO energy. 

When the HOMO and LUMO gap is changed through ligand modification, the MLCT energy 

correspondingly changes.1, 12, 13 Moreover, extension of the π-conjugation or addition of an organic 

chromophore to either the diimine ligand or ancillary ligand generates ligand-centered (LC) 
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excited states in these molecules. Strategic adjustments in the ligand moieties can increase the 

visible absorption cross-sections and may rigidify the molecular framework to decrease non-

radiative decay in the resultant metal complexes which improves their effectiveness towards ET 

and EnT processes. Previously, reversible energy transfer at room temperature has been reported 

when energetically proximate inorganic and organic chromophores were fused together in the 

same MLCT complex.14 These polychromophoric systems can be designed to access synergetic 

properties of the composite chromophores, including lifetime extension which is imperative to 

many applications for a number of research groups14-25 including our own.26-31  

We have extensively investigated the intriguing photophysical properties that arise after 

linking 4-piperidinylnaphthalimide (PNI) and other naphthalimide (NI) derivatives to transition 

metal complexes.4, 32-34 In 2011, Yarnell and coworkers demonstrated that when PNI was 

covalently linked to the 5-position of 1,10-phenanthroline on a Re-CDI, the molecule exhibited 

“ping-pong” energy transfer between the MLCT and PNI excited states, Figure 3.1. In that study, 

time-resolved PL and transient absorption (TA) spectroscopies from sub-picosecond to the 

microsecond time domain were utilized to monitor the excited state dynamics of the complex. 

These spectroscopic measurements revealed energy transfer from 1PNI to the 1MLCT excited state 

through Förster resonance energy transfer (FRET) featuring a time constant of 43 ps, ultimately 

yielding the 3MLCT excited state. Furthermore, the 3MLCT state participated in back energy 

transfer (reverse triplet-triplet energy transfer, rTTET) to the triplet manifold of the PNI subunit 

within 20 ns through a Dexter-like process. Due to the energetic proximity (∆𝐸 = 1680 cm−1) 

and the rapid rate of energy transfer occurring between the two triplet excited states, the thermal 

equilibrium process extended the excited state lifetime of the parent Re-CDI from 197 ns to 651 

µs.4  
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Figure 3.1.  Qualitative energy level diagram describing ‘ping-pong’ energy transfer process 

between the Re(I) MLCT and PNI excited states.4 

  

Although this initial study established the precedence for lifetime extension and increased 

visible absorption cross sections resulting from the fusion of inorganic and organic chromophores, 

there were a few remaining questions that could not be addressed. If low fluorescence quantum 

yield organic chromophores were used instead of the highly emissive PNI chromophore, could 

singlet energy transfer still occur? Additionally, what energy gap between the 3MLCT and 3LC 

excited states is sufficient for rTTET to occur effectively at room temperature? To address these 

concerns, we studied the effects of five weakly emissive NIs on the rate of FRET from NI to Re-

CDI while investigating the effects of varying the energy levels of the NI fragment on the resulting 

thermal equilibrium between the NI and Re-CDI subunits. In these instances, four of the five 

bichromophores studied still exhibited “ping-pong” energy transfer behavior.31  

While we have examined the influence of NI donor ligands on the resultant energy transfer 

processes, the influence of the MLCT energetics on these processes has never been addressed. In 

particular, what happens when the MLCT energy levels are altered without changing those of the 

ligand centered excited state? To significantly modify the energy levels of the MLCT excited states 

in Re-CDI complexes, the diimine ligand must be changed; therefore, the previous approach where 

the NI subunit was covalently linked to the backbone of 1,10-phenanthroline can no longer be 



 

83 

 

 

used. Instead the PNI chromophore for the current series was appended onto the Re(I) core through 

the 4-position of the ancillary pyridine ligand freeing up the diimine ligand for systematic 

alteration. Here, five newly conceived Re(I) bichromophores, fac-[Re(phen)(CO)3(PNI-py)](PF6) 

(phen = 1,10-phenanthroline, 1), fac-[Re(bcp)(CO)3(PNI-py)](PF6) (bcp = 2,9-dimethyl-4,7-

diphenyl-1,10-phenanthroline, 2), fac-[Re(dtbb)(CO)3(PNI-py)](PF6), (dtbb = 4,4′-di-tert-butyl-

2,2′-bipyridine, 3) , fac-[Re(deeb)(CO)3(PNI-py)](PF6) (deeb = 4,4′-di-ethylester-2,2′-bipyridine, 

4), and fac-[Re(biq)(CO)3(PNI-py)](PF6) (biq = 2,2’-biquinoline, 5), (Re1-5, respectively) along 

with five Re(I) model MLCT chromophores, fac-[Re(N^N)(CO)3(4-etpy)](PF6) (where N^N = 

phen, bcp, dtbb, deeb, biq and 4-etpy is 4-ethylpyridine), (Mod1-5, respectively, Figure 3.2) were 

synthesized and investigated using steady-state and time-resolved PL and electronic spectroscopy 

as well as computational modeling to determine the effects of varying the MLCT energy levels on 

the energy transfer processes in the Re(I) bichromophores. It is interesting to note that in addition 

to determining what energy gaps are necessary to enable the various energy transfer processes in 

Re1-5, the proposed architecture of these bichromophores enables examination of the effect of the 

physical separation between the two constituents on the rate of respective photophysical processes 

and whether these processes can be partially or completely attenuated in the spatial separation 

achieved across these conserved molecular geometries.       
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Figure 3.2. The Re(I) chromophores and Re(I)-PNI bichromophores investigated in this study.  

3.3. Experimental 

3.3.1. Reagents and Chemicals 

All syntheses were performed under an inert, dry nitrogen atmosphere using standard 

techniques. All reagents were purchased from Sigma—Aldrich or Alfa Aesar and used as received. 

Spectroscopic samples were prepared using spectroscopic-grade tetrahydrofuran and were 

degassed using the freeze—pump—thaw technique for at least four cycles. The diimine ligand, 

deeb, was synthesized according to literature procedures and used without any additional 

purification.35 Complete synthesis and structural characterization details for all molecules 

investigated here are provided in Appendix B.   

3.3.2. General 

1H NMR spectra were recorded with a Varian Innova 400 instrument operating at a 

working frequency of 400 MHz. Electronic absorption spectra were measured with a Shimadzu 

UV-3600 and Cary 60 UV/Vis spectrophotometer. Steady-state photoluminescence spectra were 

measured on an Edinburgh FLS 980 or an Edinburgh FS920 fluorimeter. Quantum yield 

measurements were performed using degassed samples with [Ru(bpy)3](PF6)2 in acetonitrile as a 



 

85 

 

 

standard (λem 621 nm, Фp = 0.095)36 for both the PNI-py and model complexes. The PNI-py 

complexes (Re1-5) were referenced to an additional standard, PNI in toluene (λem 498 nm, Фf = 

0.91)37. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy on solid 

samples was conducted using a Bruker Alpha Platinum ATR. High-resolution electrospray mass 

spectrometry was carried out by the Michigan State University Mass Spectrometry Core, East 

Lansing, MI. Elemental analyses were determined by Atlantic Microlab, Inc., Norcross, GA.  

3.3.3. Electrochemistry 

Differential-pulse voltammetry (DPV) measurements were performed using CH 

Instruments model 600E series potentiostat. The measurements were carried out under an inert 

and dry atmosphere of nitrogen in a glovebox (MBraun). Reduction potentials were recorded in 

tetrahydrofuran containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the 

supporting electrolyte. A platinum disk was used as the working electrode (1.6 mm), a platinum 

wire as the counter electrode, and Ag/AgNO3 as the reference electrode. 

3.3.4. Femtosecond Transient Absorption Spectroscopy 

The transient absorption measurements were performed at the NCSU Imaging and Kinetic 

Spectroscopy (IMAKS) Laboratory using a mode-locked Ti:sapphire laser (Coherent Libra) as 

described previously.38 The pump beam was directed into a parametric amplifier (Coherent OPerA 

Solo) to generate the 400 nm excitation. The probe beam was focused onto a calcium fluoride 

crystal to generate a white light continuum between 350 and 775 nm. The pump beam (~700 µm) 

was focused and overlapped with the probe beam through a 2 mm path length cuvette to allow for 

a stir bar to be used. The ground-state absorption spectra were taken before and after each 

experiment to ensure there was no sample photo-degradation during the experiment. The transient 
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kinetic data at specific wavelengths was evaluated using the fitting routines available in OriginPro 

2018b (v 9.55).  

3.3.5. Nanosecond Transient Absorption Spectroscopy  

Nanosecond transient absorption measurements were collected with a LP920 laser flash 

photolysis system from Edinburgh Instruments. A Vibrant 355 Nd:YAG/OPO system (OPOTEK) 

was used for pulsed laser excitation for single wavelength kinetics. A Continuum Minilite 

Nd:YAG laser with 355 nm excitation was used to obtain the transient absorption difference 

spectra. To collect the transient absorption difference spectra in the visible portion of the spectrum, 

an iStar ICCD camera (Andor Technology), controlled by the LP920 software program was used. 

Samples were degassed using the freeze-pump-thaw technique for at least four cycles in a 10 mm 

path-length quartz optical cell. Samples were prepared to have optical densities between 0.2 and 

0.8 at the excitation wavelength (λex = 355 nm for difference spectra and λex = 410 nm for single-

wavelength kinetics). All flash-photolysis experiments were performed at room temperature unless 

otherwise noted. The reported difference spectra and kinetic data are the average of 100 laser 

pulses. The ground-state electronic absorption spectra were recorded before and after each 

experiment to ensure no sample photo-degradation. The transient kinetic data was evaluated using 

the fitting routines available in Origin Student 2018b (v. 9.55). 

3.3.6. Time-Resolved Photoluminescence (TR-PL) Intensity Decay Measurements 

Single-wavelength photoluminescence emission intensity decays for the model complexes 

(Mod1-5) and Re5 were acquired with an LP920 laser flash photolysis system (Edinburgh 

Instruments) using the Vibrant 355 Nd:YAG/OPO system (OPOTEK) as the excitation source (λex 

= 410 nm). Photoluminescence decays were collected at their respective emission maxima. Time-

gated emission spectra were collected using the same apparatus, except the 355 nm Minilite 
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Nd:YAG laser was used for the excitation source instead.. Emission spectra were collected using 

an iStar ICCD camera (Andor Technology), controlled by the LP920 software program. The 

reported time-gated emission spectra are the average of 100 laser pulses. For Re1-4, the single-

wavelength emission intensity decays could not be obtained using the LP920 laser flash photolysis 

system or on a nitrogen-pumped broadband dye laser (2-3 nm fwhm) from PTI (GL-3300 N2 laser, 

GL-301 dye laser), using an apparatus that has been previously described.26 Due to the significant 

amount of unquenched fluorescence from the PNI-py ligand, reliable decays of the 

phosphorescence could not be recorded even when probing the red edge of the MLCT emission 

band and is therefore not reported in this study.  

3.3.7. Density Functional Theory (DFT) Calculations  

The calculations utilized in this work were performed using the Gaussian 16 software 

package (Revision A.03)39 and the computational resources of the North Carolina State University 

High Performance Computing Center. Ground state and lowest energy triplet state geometry 

optimizations were performed using the M06 functional,40 along with the Def2-SVP basis set of 

the Alrichs group as implemented in Gaussian 16 for all nonmetal atoms.41 The Stuttgart-Dresden 

effective core potentials (ECP) were used to replace the core electrons in rhenium for all 

calculations.42 An f-polarization function was also added to the rhenium.43 The polarizable 

continuum model (PCM) was used to simulate the tetrahydrofuran solvent environment for all 

calculations except the ground state geometry optimizations in which the optimization was 

performed in vacuum followed by a single point energy calculation with the PCM correction.44 

Frequency calculations were performed on all optimized structures and no imaginary frequencies 

were found. An ultrafine grid was used in all calculations. The molecular orbitals involved in the 
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low-lying singlet transitions as well as the triplet spin density surfaces were generated using 

GaussView 6.0.45 

3.3.8. Time-Dependent DFT (TD-DFT) Calculations  

Time-dependent calculations were performed on each respective optimized ground-state 

geometry using the Gaussian 16 software package (Revision A.03)39, 46-48 and the computation 

resources of the North Carolina State University High Performance Computing Center. The 

calculations were performed using the same level of theory as in the DFT calculations described 

above. The polarizable continuum model (PCM) correction was used to simulate the 

tetrahydrofuran solvent environment for all calculations.44 The energy and oscillator strength were 

computed for each of the 50 lowest singlet excitations. The UV/Vis spectra were generated from 

the singlet excitations using GaussView 6.0.45  

3.4. Results and Discussion 

3.4.1. Synthesis 

The PNI-py ligand and fac-[Re(N^N)(CO)3(PNI-py)](PF6) (Re1-5) and fac-

[Re(N^N)(CO)3(4-etpy)](PF6) (Mod1-5) (where N^N = phen (1), bcp (2), dtbb (3), deeb (4), biq 

(5)) were synthesized as outlined in Scheme 1 using modified procedures available from the 

literature.49, 50 The PNI-py ligand was prepared by refluxing 4-nitro-1,8-naphthalic anhydride with 

an excess of 4-aminopyridine in toluene containing triethylamine for three days at 120°C to 

generate the 4-pyridyl-4-nitro-1,8-naphthalimide (NNI-py) intermediate. The isolated NNI-py 

species was then refluxed with an excess of piperidine in DMF for 2 hours at 170°C to obtain the 

pure final product, PNI-py, in 84% yield. The Re(I) complexes were prepared by departing from 

the analogous Re(N^N)(CO)3Cl51 precursor that was treated with 1.02 equivalents of AgBF4 for 3 

hours in acetonitrile at 85°C shielded from light. The reaction solution was filtered through Celite 
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and the residue washed with acetonitrile. The acetonitrile filtrate was removed via rotary 

evaporation and the ancillary ligand of choice was added in 1.2 equivalents (PNI-py) or in large 

excess (4-etpy) and refluxed for 24 hours at 85°C in chloroform. Once isolated, the final product 

underwent a metathesis precipitation reaction to exchange the BF4
− anion for the PF6

− anion using 

NH4PF6 (concentrated NH4PF6 solution added to a 1:1 methanol/acetone mixture). The isolated 

molecules were then recrystallized as necessary in dichloromethane and hexanes to obtain each 

product in acceptable yield. The final products (Re1-5 and Mod1-5) were characterized using 1H 

NMR spectroscopy, high-resolution electrospray mass spectrometry, elemental analysis, ATR-

FTIR, and electrochemistry (Mod1-5 only) (Figures B3-23, Table B1). These molecules are all 

thermally and photochemically stable in a range of organic solvents and in the solid state.  

 

Scheme 3.1. Synthesis of PNI-py, the Re1-5 bichromophores, and the Mod1-5 model 

chromophores.49, 50 
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3.4.2. Electronic Structure Calculations  

Density function theory (DFT) calculations at the M06//Def2-SVP/SDD level of theory in 

THF (PCM) were performed on all molecules in this study to obtain the geometry optimized 

ground state (S0) (Table B2). For Mod1-5, the HOMO consisted of primarily d-orbitals and the 

LUMO consisted of primarily diimine π* -antibonding orbitals (Figure B24). Re1-5 have a HOMO 

that consists of a π-bonding interaction on the PNI-py ligand in which the electron density resides 

over the naphthalimide and piperidine units. The LUMO consists of diimine π* -antibonding 

orbitals and the LUMO+1 (LUMO+2 for Re1) consists of a π* -antibonding interaction localized 

on the PNI-py ligand where the electron density migrates away from the piperidine and localizes 

more extensively on the naphthalimide subunit (Figures B25-26). Time-dependent DFT (TD-DFT) 

calculations at the same level of theory were performed to demonstrate which electronic transitions 

occurred upon ~400 nm excitation (Table B3). All model complexes exhibited intense MLCT 

(dπ(Re) → π*(N^N)) transitions resulting from HOMO to LUMO excitation except Mod5 in 

which the most intense transition was HOMO-1 to LUMO. The electron density in the HOMO 

resides primarily on the t2g orbitals of the Re(I) center with little contribution from the pyridine 

ring and the electron density resides on the diimine ligand in the LUMO in Mod1-5, Figure 3.3. 

The HOMOs of Re1-5 feature electron density centralized on the naphthalimide moiety in a 

bonding interaction. The LUMOs are centralized on the Re(I) dπ orbitals and the respective 

diimine ligand. The LUMO + 1 is centralized on the naphthalimide in an antibonding interaction 

except for Re1 where the LUMO + 1 has electron density on the π*(phen) and LUMO + 2 is similar 

to the LUMO + 1 of Re2-5. The HOMOs located on the PNI-py ligand have identical energies in 

Re1-5 (-6.55 ± 0.01 eV) while the corresponding LUMO + 1 (LUMO + 2 in Re1) energies are 

also the same (-2.74 ± 0.01 eV). The energies of the LUMOs (electron density on the diimine 
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ligand) in Mod1-5 are comparable to the energies of the LUMOs (electron density of the diimine 

ligand) calculated in Re1-5 (Table B4). These combined data illustrate that the MLCT transition 

(dπ(Re) → π*(N^N)) energy remains the same irrespective of the nature of the ancillary ligand, 

indicating that there is no major change in the electronic transitions between Mod1-5 and Re1-5. 

Triplet spin density calculations also aided in the determination of the lowest excited state 

configuration in all molecules, Figure B27. In Mod1-5, the triplet spin character was indicative of 

a 3MLCT* (dπ(Re) → π*(N^N)) excited state as the spin density was distributed over the Re atom 

and diimine ligands. For Re1-3, the triplet spin density rested entirely within the PNI-py ligand, 

Re4 had triplet spin density on the Re atom and the deeb and PNI-py ligand fragments, and Re5 

had triplet spin resembling that of Mod5 in which it resides on the Re atom and biq ligand.  

 

Figure 3.3. Representative schematic diagram of the HOMO, LUMO, and LUMO+1 of the model 

complexes (Mod3 above) and rhenium bichromophores (Re3 below). 
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3.4.3 Steady-State Absorption and Photoluminescence Spectroscopy  

The PNI-py chromophore used in this study is similar to another naphthalimide, PNI-tol 

which has been extensively studied, where they differ only in the substituent on the imide nitrogen 

(pyridine and toluene, respectively).4, 15, 28, 32, 33, 37 The combination of the absorption spectra of 

the Re(I) MLCT model chromophores (Mod1-5) in concert with PNI-py effectively reproduces 

the authentic electronic spectra of the Re(I) bichromophores Re1-5, Figure B28. This indicates 

that the addition of the PNI subunit to the pyridine bound to the Re(I) CDI core does not 

significantly alter the electronics of the resultant complexes. During preliminary 

photoluminescence studies, it was evident that the free PNI-py ligand interacted with the THF 

solvent, requiring us to identify an alternative model chromophore for the free ligand. Therefore, 

PNI was used as a free-ligand surrogate due to their similar photophysical characteristics.37, 52  

The UV-Vis absorption spectra were collected in aerated THF and the corresponding 

photoluminescence spectra were measured in deaerated THF. The steady state absorption and 

photoluminescence spectra for Mod1-5 and Re1-5 are presented in Figures 3.4 and 3.5, 

respectively. Additional spectroscopic results are summarized in Table 3.1. The lowest energy 

absorption bands of Mod1-5 (Figure 3.4a) are assigned to MLCT transitions, analogous to related 

molecules.12, 13, 53-55 The higher energy absorption bands (>350 nm) of Mod1-5 and Re1-5 are 

assigned to the π→π* transitions localized in the respective diimine ligand. The 

photoluminescence emission bands measured in Mod1-5 (Figure 3.5a) are assigned to 3MLCT 

based PL due to their overall broad and featureless shape, large Stokes’ shift, and excited state 

lifetimes (discussed below), all being characteristic of 3MLCT phosphorescence, Figure 3.5a. 

Additionally, molecules of similar structure have also been assigned as to having 3MLCT 

photoluminescence.12, 13, 53, 54 However, the unusual photoluminescence, where the observed 
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emission bands are coincident with Mod1-3, warranted further investigation as to whether the 

lowest excited state of Mod1-3 is indeed of 3MLCT character. Since the excited state lifetime and 

nanosecond transient absorption spectra (discussed below) of Mod3 was consistent with the 

photophysical properties expected from MLCT transition, further investigation was needed for 

Mod1 and Mod2. Electronic structure calculations suggested (discussed above) that the absorption 

transition arises from primarily dπ(Re) and π*(phen/bcp) orbitals. Triplet spin density modeling 

of Mod1 and Mod2 predict that the spin density resides on the dπ(Re) and the π* orbitals of the 

diimine ligand present, suggesting that the transition is almost exclusively MLCT in nature. 

Moreover, there is literature precedence concerning the mixing of MLCT and LC transitions in 

Re-CDI molecules.56-60 Furthermore, recent studies from our group on a similar Re-CDI containing 

1,10-phenanthroline (phen) have shown that when a stronger field ligand was incorporated as the 

ancillary ligand, the π* orbitals of the phen moiety readily mixed with the dπ(Re) state. This 

mixing results in the lowest excited state being composed of LC and MLCT character, which 

markedly increased the excited state lifetime.5 In a related study, we constructed a Re-CDI with 

phen and dimethylaminopyridine (dmap). This molecule possessed significant MLCT character in 

its lowest excited state,12 and was effectively used as a model for the bichromophores in that study 

despite there being some 3LC contributions.31 Therefore, we decided to use Mod1 and Mod2 as 

MLCT model molecules for comparison to their respective bichromophores, despite these 

complexes presenting a negligible amount of LC character, in subsequent sections of this 

manuscript, as the lowest excited states of Mod1 and Mod2 display predominantly MLCT 

character. The emission bands of Mod4 and Mod5 are red shifted with respect to Mod3 (Figure 

3.5a), consistent with the bathochromic shift observed in their respective electronic absorption 

spectra in Figure 3.4a.  
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Figure 3.4. (A) Electronic absorption spectra of Mod1-5 recorded in THF. (B) Electronic 

absorption spectra of Re1-5 and PNI-py recorded in THF.  
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Figure 3.5. Static photoluminescence spectra of (A) Mod1-5 and (B) Re1-5 and PNI measured in 

deaerated THF excited at 408 nm.   

 

The lowest energy absorption band of Re1-5 is primarily composed of the intraligand CT 

band from PNI-py, Figure 3.4b. The addition of the PNI-py chromophore does not completely 

obscure the MLCT transition observed in the model complexes, instead adds to the molar 

absorptivity of that wavelength region. Due to the overlap of the PNI-py localized absorptions with 

those of the MLCT transitions, excitation of the low energy band does not selectively excite the 

PNI-py ligand exclusively; however, PNI-py absorbs the majority of the excitation light due to its 
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significantly higher molar extinction coefficient compared to that of the MLCT transitions, Table 

3.1.  

In the photoluminescence spectra of Re1-5 (Figure 3.5b), it is evident that prevailing 

emission originates largely from the PNI moiety, analogous to the characteristic fluorescence 

observed in PNI itself, which is the black line displayed in Figure 3.5b. Therefore, the emission 

spectra measured in Re1-5 (Figure 3.5b) is assigned as singlet 1PNI fluorescence. Incidentally, 

these experimental observations are largely consequence of the nature of the experiment wherein 

low energy excitation primarily promotes the 1PNI-py ligand centered excited state. Since there is 

incomplete energy transfer (discussed immediately below) occurring between the PNI-py ligand 

and the Re-CDI unit (Table 3.1) and only the brightest and fastest emission events are easily 

measured in static photoluminescence spectroscopy, all other lower yielding light emission 

processes are effectively masked. However, some of the fluorescence of the PNI ligand is 

quenched (Table 3.1) suggesting that energy transfer is occurring via the FRET mechanism. The 

efficiency of the energy transfer processes occurring through FRET was calculated using Equation 

3.1 where QYReX and QYPNI denote the quantum yields measured for the PNI-py fluorescence 

emanating from Re1-5 and PNI, respectively.61 

EnT = 1 −
QYReX

QYPNI
   (3.1) 

The most efficient Förster energy transfer was measured in Re4 at 94% and all of the Re1-5 

bichromophores featured FRET values > 78%, Table 3.1. The residual fluorescence from the PNI-

py subunit in Re4 was sufficient to conceal all other emission events from the MLCT (dπ(Re) → 

π*(N^N)) excited state that was observed in Mod1-5, Figure 3.5a. In Re(PNI-phen)(CO)3Cl, where 

the PNI subunit was covalently linked to the diimine subunit, the FRET efficiency was greater 

than 99% and photoluminescence was observed from both the 1PNI and 3MLCT excited states in 
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static PL experiments.4 Clearly, the relocation of the PNI subunit to the tail end of the ancillary 

pyridine ligand in the present investigation significantly impacted the efficiency of the distance-

dependent FRET processes in Re1-5.   

 

Table 3.1. Steady-state photophysical data of Mod1-5, PNI-py, PNI, and Re1-5. 

 

Using the photoluminescence emission spectra of Mod1-5, the energies of the 

corresponding triplet excited states can be readily estimated. As expected, the three complexes that 

coincide, Mod1-3, have nearly identical triplet energies (~20000 cm-1) and the two red shifted 

molecules, Mod4 (16200 cm-1) and Mod5 (14900 cm-1), have significantly lower energies. The 

triplet energy of PNI-py (16200 cm-1) was obtained from triplet sensitization of the free ligand at 

77 K using 10 % ethyl iodide in 2-MeTHF (Figure B29). A summary of the triplet state energies 

 λabs max (nm) (ε, M-1 cm-1)a λem max (nm) Φem
d EnT (%)e 3Eem (cm-1)f 

Mod1 364 (3950) 567 0.24 -- 19500 

Mod2 377 (5000) 567 0.27 -- 20000 

Mod3 339 (5000) 569 0.093 -- 19900 

Mod4 385 (5000) 650 0.013 -- 16200 

Mod5 407 (4200) 689 0.0024 -- 14900 

PNI 403 (11500)b 516c 0.80 c -- 16200g 

Re1 407 (12500) 533 0.13 84 -- 

Re2 400 (15900) 536 0.091 89 -- 

Re3 407 (13200) 533 0.18 78 -- 

Re4 406 (15400) 525 0.049 94 -- 

Re5 403 (15200) 516 0.061 92 -- 
aPeak maximum given is of the lowest energy band (shoulder for Mod1-5). bPeak maximum and molar 

extinction coefficient used are for PNI-py. cFluorescence data is for PNI. dQuantum yield of Mod1-5 

and PNI was measured using [Ru(bpy)3](PF6)2 as the standard.62 Quantum yield of Re1-5 were 

measured using [Ru(bpy)3](PF6)2 as the standard as well as PNI in toluene.37, 62 Samples for quantum 

yield studies were prepared at 0.1 OD at 408 nm (excitation) and were deaerated using the freeze-

pump-thaw method with a 10 % error. eEnT efficiency was calculated using Equation 1. fTriplet 

energies estimated from the emission profiles of Mod1-5 and taking the tangent on the high energy 

side of the band. gTriplet energy of PNI-py was obtained from sensitizing the triplet excited state by 

using 10% ethyliodide as an additive and obtaining the phosphorescence spectrum of PNI-py at 77 K 

in a 2-MeTHF glass. 
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of Mod1-5 and PNI-py are collected in Table 3.1. The triplet states in the Mod1-5 are assumed to 

correspond to the triplet energies of the 3MLCT ((dπ(Re) → π*(N^N)) excited state levels in Re1-

5. The triplet energy of PNI-py recorded at 77K in the presence of ethyl iodide is assumed to 

appropriately estimate the triplet energy of the PNI subunit. Given this combined experimental 

information, we can readily approximate the energy gap between the two chromophoric units in 

the Re1-5 title molecules. 

3.4.4. Nanosecond Transient Absorption Spectroscopy  

Upon excitation using 355 nm nanosecond laser pulses (5 ns fwhm), Mod1-5 (Figure B30) 

in deaerated THF display positive absorption features across the entire visible region. The excited 

state features ranging between 350-400 nm are somewhat distorted due to overlap with the high 

molar absorptivity ground state absorptions in this region. Mod5 (Figures B30) features a 

structureless bleaching signal below 400 nm. Mod3 and Mod4 exhibited transient excited state 

absorption features consistent with the 3MLCT excited state, being comparable to the respective 

radical anion of the diimine unit resident in the structure, Figure B30. Single-wavelength kinetic 

analysis of these transient features yielded excited state lifetimes consistent with 3MLCT excited 

states, 301 and 65.1 ns for Mod3 and Mod4 respectively (Table 3.2, Figures B34-35).63 Mod5 and 

Re5 featured similar excited state spectral features that corresponded to the same excited state 

lifetime, 38.9 and 39.5 ns for Mod5 and Re5, respectively (Table 3.2, Figures 3.6, B30, B36, and 

B47). Mod1 and Mod2 possess excited state spectral features that are similar due to their shared 

phenanthroline core but feature extended lifetimes that do not suggest pure 3MLCT* behavior, τ = 

1.50 µs for Mod1 and τ = 8.24 µs for Mod2 (Table 3.2, Figures B30, B32-33).  
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Figure 3.6. Transient absorption difference spectra with the corresponding ground state 

absorption spectrum (dashed line) of Re5 (45.4 µM) measured in THF with 355 nm laser pulses 

(5.0 mJ/pulse).  

 

When Re1-5 are excited with 355 nm light, the five Re(I) complexes fall under two 

distinguishing categories: (1) the TA difference spectra are indicative of the 3PNI* excited state or 

(2) the TA difference spectra are qualitatively identical to those recorded for the respective model 

chromophores Mod1-5. Re1-4 fall into category 1 whereas Re5 falls into category 2. Beginning 

with Re5 (Figure 3.6), it is safe to postulate that the lowest excited state is of 3MLCT* (dπ(Re) → 

π*(biq)) character. Evidence of this is clear-cut as the profile of the transient absorption features 

are similar between Re5 and Mod5 (Figures 3.6, B30), and both have a ground state bleach below 

400 nm. Additionally, the lifetime obtained from single-wavelength analysis of the transient 

excited state features of Re5 (Figure B47) and Mod 5 (Figure B36) are both single exponential, 

both equaling 40 ns, leaving little doubt that the nature of the excited state in both molecules is 

conserved.  
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Looking into category one, Re1-3 have qualitatively identical TA difference spectra. There 

is a ground state bleach centered near 400 nm and an excited state absorption feature centered at 

465 nm (Figures 3.7a and B37-38). Re4 has an excited state absorbance centered at 461 nm with 

a ground state bleach located at 400 nm (Figure B39). These difference spectra are all consistent 

with 3PNI* as measured in previous studies.4, 32-34 One notable difference between the signal 

observed here and the signal observed in previous work is that there is not a second broad feature 

in the visible region spanning into the NIR. That second feature apparently results from the PNI 

moiety being covalently linked to the diimine ligand and is therefore absent in the current 

investigation. Another clear indicator that we are populating the 3PNI* excited state in Re1-4 is 

the biexponential, concentration dependent lifetimes 4, 32, 33 which is, in general, a characteristic of 

triplet naphthalimides.64-66 This biexponential behavior is due to 3PNI* self-quenching and was 

quantified by measuring the excited state decay kinetics as a function of concentration, which 

yielded the theoretical lifetimes at infinite dilution (lifetime in the absence of self-quenching): 

τ∞ = 5110 μs in 𝐑𝐞𝟏, τ∞ = 918 μs in 𝐑𝐞𝟐, τ∞ = 1170 μs in 𝐑𝐞𝟑, and τ∞ = 1.17 μs in 𝐑𝐞𝟒 

(Figure 3.7b, Figures B44-46, and Table 3.2) all of which are significantly longer than their 

respective model complex.  
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Figure 3.7. (A) Transient absorption difference spectra with the corresponding ground state 

absorption spectrum (dashed line) of Re2 (44.3 µM) recorded in THF with 355 nm laser pulses 

(5.0 mJ/pulse). (B) The concentration dependent study of Re2 illustrating self-quenching behavior 

with single wavelength transient absorption kinetics detected at 465 nm (𝜆ex = 410 nm, 2.0 

mJ/pulse). Samples were deaerated using the freeze-pump-thaw method. 
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Table 3.2. Time-resolved TA and PL data recorded for Mod1-Mod5 and Re1-Re5 in THF. 

 

 

 

 

 

 

 

 

 

 

3.4.5. 

Femtosecond Transient Absorption Spectroscopy  

The ultrafast excited state absorption difference spectra of Mod1-5 are presented in Figure 

B48 while those of Re2 and Re5 are shown in Figures 3.8 and 3.9 (𝜆ex = 400 nm, 105 fs fwhm, 

0.3 µJ/pulse); the corresponding data for Re1, Re3, and Re4 are provided in Figures B54-56. In 

Mod1-4, the positive transient absorption features are indicative of MLCT excited state 

absorptions that dominate across the visible region.63, 67 Mod5 displays a ground state bleach 

between 350 – 400 nm, coinciding with its ground state absorption spectrum, Figure 3.4a. Across 

the visible and extending into the NIR spectral region, only excited state absorptions are present 

in each of these molecules, Figure B48. Re1-4 display stimulated emission peaks centered near 

550 nm over the initial delay times and have excited state absorption features centered at 430 nm 

that evolve over the time course of the experiment, eventually peaking at 460 nm (Figures 3.8, and 

B54-56). Re5 (Figure 3.9) possesses similar initial excited state absorption features at 430 nm as 

well as a stimulated emission band near 550 nm. However, the 430 nm excited state feature evolves 

 τTA (ns) τPL (ns) τTA (µs)a 

Mod1 1500 1480 -- 

Mod2 8240 7600 -- 

Mod3 301 296 -- 

Mod4 65.1 68.1 -- 

Mod5 38.9 39.5 -- 

Re1 -- -- 5110 

Re2 -- -- 918 

Re3 -- -- 1170 

Re4 -- -- 1.17 

Re5 39.5 9.97 -- 

All kinetics measured using the LP 920 laser flash photolysis system 

(Edinburgh Instruments) with a Vibrant 355 Nd:YAG/OPO system 

(OPOTEK) for pulsed laser excitation for single wavelength kinetics 

detection at peak excited state features (410 nm, 2.0 mJ/pulse). Samples 

were deaerated using the freeze-pump-thaw method. aLifetime at 

theoretical infinite dilution.  
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into a structured absorption band with a peak centered at 400 nm and a shoulder near 500 nm 

extending into the NIR. There is also a ground state bleach that echoes what was observed over 

the same wavelength region (350 – 400 nm) in Mod5 (Figure B48).  
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Figure 3.8. Excited state absorption difference spectra of Re2 in THF excited following 400 nm 

pulsed laser excitation (105 fs fwhm, 0.3 µJ/pulse). 
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Figure 3.9. Excited state absorption difference spectra of Re5 in THF excited following 400 nm 

pulsed laser excitation (105 fs fwhm, 0.3 µJ/pulse). 

 

All of the model complexes (Mod1-5) exhibit ultrafast excited state absorption features 

and associated time constants (Figures B49-53) that are significantly different than their PNI-

containing counterparts (Re1-5). For Mod1-3, the fastest time constants recorded (τ = 120, 170 

and 140 fs respectively) arise from intersystem crossing and the formation of the radical anion on 

the diimine ligand. Mod1-5 universally possessed a second time constant corresponding to 

vibrational relaxation (τ = 2.7 to 16 ps).5, 68 In addition to vibrational relaxation, Mod4 and Mod5 

had an additional time constant on the order of 100s of ps (τ = 107 and 120 ps). This slow time 

constant was also observed in the nanoseconds time domain, hence, is attributed to the onset of the 

triplet MLCT excited state decay process. In Mod1-5, the line shape of the relaxed excited-state 

spectral feature persists into the nanosecond TA time scale, indicating that there are no additional 

excited states observed between the picosecond and nanosecond time domains.  
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The femtosecond transient absorption difference spectra of Re1-Re4 (Figures 3.8 and B54-

56) follow a similar energy migration trajectory, eventually resulting in 3PNI* formation. 

Additionally, stimulated emission is present as a peak centered at 550 nm as seen in previous 

papers for metal-organic chromophores containing a PNI subunit.4, 32, 33 Over time, this feature red 

shifts due to distortions caused by overlap of excited state features. Across all four molecules, 

immediately upon excitation at 400 nm, the signal that promptly appears corresponds to 1PNI*, 

having a maximum at 430 nm. The 1PNI* excited state decays, forming intermediate 1MLCT* and 

3MLCT* states, eventually producing 3PNI* over the course of 6 ns which has a peak maximum 

at 460 nm. Re1-Re3 each exhibit three similar time constants (Figures B57-59) following 

predominant excitation of 1PNI*. The first decay component corresponds to the initial vibrational 

relaxation of “hot” 1PNI* to form relaxed 1PNI* (τ = 3.8, 2.1, and 3.5 ps for Re1, Re2, and Re3, 

respectively). From 1PNI*, the molecules undergo energy transfer through the FRET mechanism, 

preparing the 1MLCT* state which then immediately undergoes intersystem crossing (ISC) to the 

3MLCT* state (τ = 261, 260, and 256 ps for Re1, Re2, and Re3, respectively). The FRET process 

(1PNI* to 1MLCT*) in the title molecules is occurring with much slower rate constants and lower 

efficiencies with respect to the related systems reported previously,4, 31 likely a consequence of the 

distance and orientation of the respective chromophores. Finally, the 3MLCT* state engages in 

intramolecular triplet-triplet energy transfer (TTET) from the MLCT state on the rhenium complex 

to the PNI ligand having time constants of τ = 1.88, 1.79, and 2.3 ns for Re1, Re2, and Re3, 

respectively. The corresponding time constant assigned to the intramolecular TTET process in Re4 

(Figure B60) is 701 ps and at the present time we do not have a good explanation of why this time 

constant is significantly smaller than those measured in Re1-Re3. The remaining ultrafast 

processes in these molecules appear to be self-consistent. Vibrational relaxation of “hot” 1PNI* 
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followed by FRET to form the 1MLCT* state and ISC to the 3MLCT* state have time constants 

that are the same order of magnitude in Re1-Re4 (2-4 ps for vibrational relaxation, 104-261 ps for 

FRET followed by ISC in Re1-Re4). 

 In stark contrast to Re1-Re4, Re5 (Figure 3.9, B61) does not exhibit any evidence of 3PNI* 

in its lowest excited state. However, evidence for 3PNI* in the excited state decay of Re5 is clearly 

present during picosecond delay times. Additionally, the peak maximum of the “hot” 1PNI* state 

in Re5 is slightly red shifted (5 nm) due to the contributions of the 1MLCT* (dπ(Re) → π*(biq)) 

state, in part believed to be a consequence of non-selective excitation. The time constant associated 

with this process is assigned to vibrational relaxation of “hot” 1PNI* to 1PNI* (τ = 9.6 ps). A 

potential explanation for the magnitude of this time constant is the greater contribution from the 

1MLCT* (dπ(Re) → π*(biq)) state which is distinct with respect to the other molecules. The FRET 

and ISC processes in Re5 ultimately lead to the 3MLCT* (dπ(Re) → π*(biq, PNI)) state formation 

with a time constant of 76 ps, which persists throughout the duration of the experiment. Re5 

features a lowest 3MLCT* excited state, distinct with respect to the remaining PNI-containing 

molecules since the 3MLCT* (dπ(Re) → π*(biq)) state energy is significantly lower than that of 

3PNI* (Table 3.1), thereby inhibiting any repopulation of the latter. This is also why the 

nanosecond transient absorption excited state lifetime of Re5 quantitatively matches that of Mod5, 

as they are both derived from a similar 3MLCT excited state configuration. 

3.4.6. Excited State Equilibrium 

The decay kinetics of the 3PNI* excited state absorption of Re1-3 are similar, suggesting 

that the energy migration between the bichromophores are comparable. Correlation between the 

excited state absorption and delayed 3MLCT* PL kinetics was not applicable to this study as in 

previous work4 due to the unquenched fluorescence of the 1PNI* moiety. Attempted collection of 



 

107 

 

 

the red edge of the 3MLCT* PL (655 nm) led to saturation of the detector even with smallest 

possible slit widths. However, time-resolved PL data featured delayed phosphorescence from the 

3MLCT* (dπ(Re) → π*(N^N)) state (Figures B40-42). Additionally, the lifetimes at infinite 

dilution (918 – 5110 µs, Table 3.2) of these molecules suggest thermal equilibrium between the 

two triplet states occurs due to the lifetimes being intermediate between pure 3MLCT* (dπ(Re) → 

π*(N^N)) (300 ns – 8 µs) and 3PNI* (270 ms).4 The lifetime is shortest in Re2, most likely since 

the 3MLCT* (dπ(Re) → π*(bcp)) state is closest in energy to 3PNI*, despite the PL data suggesting 

that all three complexes have virtually the same 3MLCT* energy. The longer lifetimes are a 

consequence of the larger energy gaps between the two triplet states, i.e. the intramolecular rTTET 

process becomes less efficient with increasing energy gap. Re4 also displays evidence of thermal 

equilibrium as well through its lifetime at infinite dilution (1.17 µs) being intermediate between 

the 3MLCT* (dπ(Re) → π*(deeb)) (70 ns) and 3PNI* (270 ms). Time-resolved PL intensity decays 

also feature delayed 3MLCT* (dπ(Re) → π*(deeb) PL (Figure 3.10). The decay of Re4 being so 

much faster than Re1-3 is likely a direct result of the triplet states in Re4 having nearly isoenergetic 

levels, Table 3.1. Unlike Re1-4, Re5 displays no evidence of thermal equilibrium between the 

3MLCT* (dπ(Re) → π*(biq) and 3PNI* excited states. The lifetime of the excited state absorption 

of Re5 matches the lifetime of the excited state absorption of Mod5 and there is no concrete 

evidence of delayed 3MLCT* (dπ(Re) → π*(biq)) PL in this molecule, Figure B43.  
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Figure 3.10. Representative (Re1-4) time-resolved photoluminescence data showing Re4 early 

times (left) and delayed time (right) depicting the delayed phosphorescence from the 3MLCT* 

excited state.   

 

3.4.7. Excited State Evolution and Decay 

The proposed energy level diagrams summarizing the energy migration pathways of Re1-

5 are presented in Figure 3.11 (Mod1-5 Figure B62). Upon initial excitation from the pump beam, 

Re1-4 exhibit “ping-pong” like energy transfer as seen in previous work.4, 31 In these molecules, 

the initial excited state is localized on the PNI (τ = 2.1 – 4.0 ps) unit which then transfers to the 

3MLCT* (τ = 104 – 261 ps) and then finally back to the PNI unit (τ = 0.70 – 2.3 ns) in its triplet 

manifold. Due to the rapid rates for forward and reverse TTET in Re1-Re4, the composite excited 

state lifetimes are dictated by the energy gap between the two triplet states in equilibrium, i.e. 

3MLCT and 3PNI.     

Re5 is the only bichromophore in this study that does not display a thermal equilibrium 

between the 3MLCT (dπ(Re) → π*(biq)) and 3PNI excited states. In the picosecond time domain, 

Re5 promptly forms an excited state that is primarily localized on the PNI subunit (τ = 9.6 ps), 

which then transfers this energy to the 3MLCT* (dπRe → π*(biq)) manifold (τ = 76 ps). However, 

there is also evidence of some population of the 3PNI excited state on the same time scale. From 

this time point forward, the remaining excited state features decay most consistent with the 3MLCT 
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state returning to the ground state with a time constant of 40 ns, echoing the latter decay process 

occurring in Mod5.  

 
 

Figure 3.11. Qualitative energy level diagrams of the photophysical processes occurring in Re1-

4 (A) and Re5 (B).  

 

3.5. Conclusions 

In this study, the excited state processes and associated energetic pathways of a series of 

five Re(I)-PNI bichromophores have been elucidated using a combination of transient absorption 

spectroscopies, time-resolved PL spectroscopy, and electronic structure calculations. These 

bichromophoric molecules and their respective models were synthesized by preparing the parent 
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Re-CDI moiety with a series of five diimine ligands and substituting PNI-py or 4-etpy into the 

ancillary position following published procedures.50 The unique diimine ligands yielded profound 

changes in the resultant molecular photophysical properties. Placement of the PNI subunit in an 

ancillary ligand position, the various energy transfer processes occurring between the relevant 

MLCT and PNI excited states were able to be quantitatively assessed. From the battery of static 

and time-resolved spectroscopic techniques utilized as described above, the data suggest that four 

of the five bichromophores in this study (Re1-Re4) display energetic pathways indicative of “ping-

pong” energy transfer as observed in previous work.4, 31 In Re1-Re4, the initially populated 1PNI* 

excited state transfers energy to the Re(I) MLCT complex, producing the 3MLCT* state, which 

thermally equilibrates with 3PNI* state. These four molecules decay to their ground states with 

lifetimes markedly exceeding those observed in their respective model MLCT chromophores, 

Mod1-4. Re5, which possesses the lowest energy MLCT excited state in the series, is initially 

populated through the 1PNI* excited state whose energy rapidly transfers to the MLCT manifold, 

although there is some evidence for 3PNI character as well. This molecule ultimately decays back 

to its ground state with a transient absorption determined excited state lifetime equivalent to Mod5.  
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Chapter 4: Accessing the Triplet Manifold of Naphthalenebenzimidizole-Phenanthroline in 

Rhenium(I) Bichromophores 

 

Portions of this chapter has been previously published in Dalton Transactions, 2021. DOI: 

10.1039/D1DT02329B  

 

4.1. Abstract 

The steady-state and ultrafast to suprananosecond excited state dynamics of fac-[Re(NBI-

phen)(CO)3(L)](PF6)) (NBI-phen = 16H-benzo[4',5']isoquinolino[2',1':1,2]imidazo[4,5-

f][1,10]phenanthrolin-16-one) as well as their respective models of the general molecular formula 

[Re(phen)(CO)3(L)](PF6) (L = PPh3 and  CH3CN) were investigated using transient absorption and 

time-gated photoluminescnce spectroscopy.  The NBI-phen containing molecules exhibited 

enhanced visible light absorption with respect to their models and rapid formation (< 6 ns) of the 

triplet ligand-centered (LC) excited state of the organic ligand, NBI-phen. These triplet states 

exhibit an extended excited state lifetime that enable the energized molecules to readily engage in 

triplet-triplet annihilation photochemistry. 

4.2. Introduction 

Since Wrighton and co-workers original study,1 rhenium(I) carbonyl diimine (Re-CDI) 

molecules have remained popular due to their thermal and photochemical stability, expansive 

photophysical properties, and ease of synthesis.2-9 The synthetic flexibility of this class of 

chromophores allows for the molecule to be incorporated into polymers and supramolecular 

structures enabling a myriad of applications.10-14 In fact, Re-CDI molecules are currently utilized 

in CO2 reduction photochemistry, photochemical molecular devices, solar energy conversion, 

biological applications, and as sensors and photosensitizers.15-24 

 A significant drawback to many Re-CDI complexes is that they typically exhibit poor 

visible absorption properties and short triplet metal-to-ligand-charge-transfer (MLCT) lifetimes 
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on the order of 100s of nanoseconds.25  However, fine-tuning the electronic structure, and thus the 

corresponding electronic transitions, may be achieved through facile synthetic manipulations. The 

Re(I) dπ orbital energies are easily modified by varying the π-accepting and π-donating strength 

of the ancillary ligand, which are typically associated with the HOMO energy in these 

complexes.26 Additionally, the π* orbital energies, the orbitals typically associated with the LUMO 

energy of the chromophoric diimine ligand, may also be adjusted by adding substituents on the 

diimine aromatic rings.1 Thus, modification of both the ancillary and diimine ligands causes 

variations in the Re(I) dπ and diimine π* orbital energies, thereby modulating the MLCT excited 

state properties.  

Our research group has conducted numerous studies monitoring changes in the excited 

state dynamics in Re-CDIs.27-29 In these studies, we focused on appending additional organic 

chromophores within the ligand framework, which leads to excited state lifetime extension via a 

thermal equilibrium between the triplet ligand-centred (3LC) and 3MLCT excited states.30-38 After 

extensively studying the photophysical interactions in these systems by modulation of both LC 

and MLCT excited state energies, we became interested in exploring new families of organic 

chromophores to determine what changes in their excited state dynamics might occur while testing 

their utility as light-harvesters and other potentially bespoke photophysical processes.  

Most recently, we have investigated a series of thionated perinones39 that exhibit efficient 

triplet excited state formation, building off work by Anzenbacher and co-workers on the 

oxygenated analogues.40 Their work on polycyclic benzimidazoles inspired us to incorporate the 

perinone unit into rhenium(I) MLCT chromophores to increase their visible-absorption cross- 

sections and determine if the perinone triplet could be sensitized through the heavy-atom effect. 

Perinones are polycyclic aromatic hydrocarbons that belong to a class of organic dyes that have 
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found extensive use in the automotive industry and in organic n-type semiconductor materials.40-

44 Considering their relatively high fluorescence quantum yields and significant visible absorption 

cross-sections, we postulated that this class of molecules would be of interest to construct newly 

conceived metal-organic bichromophores. Using the synthesis provided by Yang et al45 to 

synthesize a perinone that is nested within a chelating ligand, we were able to successfully 

synthesize and photophysically characterize two new rhenium(I) bichromophores (Chart 1), fac-

[Re(NBI-phen)(CO)3(PPh3)](PF6) (Re1) and fac-[Re(NBI-phen)(CO)3(CH3CN)](PF6) (Re2) 

(NBI-phen = naphthalene benzimidizole phenanthroline) as well as two model rhenium(I) 

chromophores fac-[Re(phen)(CO)3(PPh3)](PF6) (Mod1) and fac-[Re(phen)(CO)3(CH3CN)](PF6) 

(Mod2) which serve as control/model molecules to make direct comparisons to the 

bichromophores. The CH3CN and PPh3 moieties were purposefully selected as strong ancillary 

ligands to promote the formation of ligand-centered triplet excited states. Using a combination of 

steady-state and time-resolved techniques supported with computational modelling, we 

determined the NBI-phen ligand establishes the necessary energetics to serve as a visible light 

harvester featuring rapid formation of the long-lived 3LC excited state. 

 
Chart 4.1. The bichromophores Re1, Re2, and relevant model complexes Mod1 and Mod2 

investigated here.  
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4.3. Experimental  

 

4.3.1. Reagents and Chemicals  

 

All reagents and chemicals were purchased from Sigma—Aldrich or VWR and used as 

received.  All syntheses were performed under an inert nitrogen atmosphere using standard 

techniques for the rigorous exclusion of air and water. Spectroscopic samples were prepared using 

spectroscopic-grade tetrahydrofuran and were prepared under an inert and dry atmosphere of 

nitrogen in a glovebox (MBraun).  Complete synthesis and structural characterization details for 

all molecules investigated here are provided in Appendix C.  

4.3.2. General Techniques  

 

All chemicals and solvents were analytical grade, and they were used without further 

purification. Nuclear magnetic resonance (NMR) spectra were measured at 298 K with a Bruker® 

Avance NEO 700 MHz (1H) and 176 MHz (13C) and processed with MestreNova software (version 

10.0.2), with the chemical shifts referenced to residual solvent signals. The chemical shifts (δ ppm) 

are referenced to the respective solvent, and splitting patterns are designated as s (singlet), d 

(doublet), t (triplet), m (multiplet). High resolution electrospray ionization mass spectrometry 

(HR-ESI-MS) was measured by the Michigan State University Mass Spectrometry Core, East 

Lansing, MI. MS values are given as m/z. Electronic absorption spectra was measured with a 

Shimadzu UV-3600 and Cary 60 UV/Vis spectrophotometer. Steady-state photoluminescence 

(PL) spectra and quantum yield measurements were measured on an Edinburgh FS 5 fluorimeter 

equipped with an integrating sphere (absolute). Excitation scans were performed on an Edinburgh 

FS 920 fluorimeter. All spectral PL measurements were performed using optically dilute samples 

at (0.1 ≥ OD) at excitation wavelength.  
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4.3.3. Characterization Data for Studied Molecules 

 

16H-benzo[4',5']isoquinolino[2',1':1,2]imidazo[4,5-f][1,10]phenanthrolin-16-one (NBI-

phen). (64 %). 1H NMR (700 MHz, CDCl3) δ 10.80 (d, J = 8.7 Hz, 1H), 9.56 (d, J = 8.2 Hz, 1H), 

9.36 (t, J = 5.3 Hz, 2H), 9.23 (d, J = 7.4 Hz, 1H), 9.17 (d, J = 7.4 Hz, 1H), 8.66 (d, J = 8.1 Hz, 

1H), 8.59 (d, J = 8.2 Hz, 1H), 8.45 – 8.42 (m, 1H), 8.33 – 8.30 (m, 1H), 8.14 (dd, J = 11.4, 4.0 Hz, 

1H), 8.11 (t, J = 7.8 Hz, 1H) ppm. 13C NMR (176 MHz, CDCl3) δ 159.93, 151.64, 150.36, 144.93, 

144.89, 139.16, 137.70, 137.44, 136.74, 135.76, 132.63, 132.25, 131.90, 129.08, 128.83, 128.02, 

126.77, 126.29, 123.99, 121.76, 121.09, 120.94, 77.34, 77.16, 76.98, 21.26 ppm. MS [HR-ESI]: 

m/z calcd for C24H12N4OH [M+H]+ 373.1089, found 373.1094. (Fig. C1-3). 

fac-[Re(NBI-phen)(CO)3(PPh3)](PF6) (Re1). ) (96 %). 1H NMR (700 MHz, DMSO) δ 

10.16 (d, J = 8.6 Hz, 1H), 9.41 (d, J = 5.0 Hz, 1H), 9.31 (t, J = 7.0 Hz, 2H), 8.97 (d, J = 7.1 Hz, 

1H), 8.93 (d, J = 7.2 Hz, 1H), 8.69 (d, J = 8.0 Hz, 1H), 8.53 (d, J = 8.1 Hz, 1H), 8.09 (t, J = 7.6 

Hz, 1H), 8.07 – 8.00 (m, 3H), 7.35 (t, J = 7.4 Hz, 3H), 7.25 (t, J = 6.7 Hz, 6H), 7.01 – 6.97 (m, 

6H) ppm. 13C NMR (176 MHz, DMSO) δ 194.95, 160.86, 155.04, 153.32, 152.42, 144.99, 144.44, 

138.65, 138.32, 136.42, 134.14, 132.98, 132.86, 132.26, 132.20, 131.67, 131.05, 129.93, 129.13, 

129.07, 128.08, 128.00, 127.82, 127.59, 127.50, 126.12, 125.99, 124.97, 124.47, 122.94, 122.59, 

120.12, 40.02, 39.88, 39.76, 39.64, 39.52, 39.40, 39.28, 39.16 ppm. MS [HR-ESI]: m/z calcd for 

C45H27N4O4PRe [M]+ 903.1299, found 903.1307. (Fig. C4-6). 

fac-[Re(NBI-phen)(CO)3(CH3CN)](PF6) (Re2). (71 %). 1H NMR (700 MHz, CD3CN) δ 

10.48 (d, J = 8.6 Hz, 1H), 9.51 (t, J = 5.8 Hz, 2H), 9.47 (d, J = 4.8 Hz, 1H), 9.01 (d, J = 7.2 Hz, 

1H), 8.96 (d, J = 7.2 Hz, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.42 (d, J = 8.1 Hz, 1H), 8.20 (ddd, J = 

18.7, 8.4, 4.9 Hz, 2H), 8.01 (dt, J = 15.5, 7.7 Hz, 2H) ppm. 13C NMR (176 MHz, CD3CN) δ 155.38, 

153.88, 146.88, 140.41, 140.10, 137.58, 135.93, 134.30, 133.87, 132.96, 128.94, 128.82, 128.67, 
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128.11, 127.30, 127.00, 126.49, 126.28, 124.40, 123.87, 123.48, 121.29, 120.71, 118.26, 68.24, 

26.20, 1.27, 1.15. MS [HR-ESI]: m/z calcd for C29H15N5O4Re [M]+ 682.0654, found 682.0661. 

(Fig. C7-9). 

fac-[Re(phen)(CO)3(PPh3)](PF6) (Mod1). (98 %). 1H NMR (700 MHz, CD3CN) δ 9.11 

(dd, J = 5.1, 0.6 Hz, 2H), 8.62 (d, J = 8.2 Hz, 2H), 8.05 (s, 2H), 7.73 (dd, J = 8.2, 5.1 Hz, 2H), 

7.33 (dt, J = 7.4, 3.7 Hz, 3H), 7.20 (td, J = 7.7, 2.1 Hz, 6H), 7.04 – 7.00 (m, 6H) ppm. 13C NMR 

(176 MHz, CD3CN) δ 155.79, 147.18, 140.24, 133.51, 133.45, 131.95, 131.93, 129.94, 129.88, 

129.65, 129.38, 128.87, 127.56, 118.26, 1.27 ppm. MS [HR-ESI]: m/z calcd for C33H23N2O3PRe 

[M]+ 711.0976, found 711.0970. (Fig. C10-12). 

fac-[Re(phen)(CO)3(CH3CN)](PF6) (Mod2). (91 %). 1H NMR (400 MHz, CD2Cl2) δ 9.38 

(dd, J = 5.1, 1.3 Hz, 2H), 8.80 (dd, J = 8.3, 1.3 Hz, 2H), 8.21 (s, 2H), 8.05 (dd, J = 8.3, 5.1 Hz, 

2H), 2.06 (s, 3H), 1.54 (s, 3H) ppm. 13C NMR (176 MHz, CD2Cl2) δ 154.46, 147.24, 140.55, 

131.72, 128.63, 127.13, 54.15, 54.00, 53.84, 53.69, 53.53, 3.70 ppm. MS [HR-ESI]: m/z calcd for 

C17H11N3O3Re [M]+ 490.0330, found 490.0339. (Fig. C13-15). 

4.3.4. Ultrafast Transient Absorption Spectroscopy 

 

The transient absorption measurements were performed at the NCSU Imaging and Kinetic 

Spectroscopy (IMAKS) Laboratory using a mode-locked Ti:sapphire laser (Coherent Libra) as 

described previously.46 The pump beam was directed into a parametric amplifier (Coherent OPerA 

Solo) to generate the 400 nm excitation. The probe beam was focused onto a calcium fluoride 

crystal to generate a white light continuum between 350 and 750 nm. The pump beam (~700 µm) 

was focused and overlapped with the probe beam through a 2 mm path length cuvette to allow for 

a stir bar to be used. The ground-state absorption spectra were taken before and after each 

experiment to ensure there was no sample photo-degradation during the experiment. The transient 
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kinetic data at specific wavelengths was evaluated using the fitting routines available in OriginPro 

2018b (v 9.55). 

4.3.5. Nanosecond Transient Absorption and Time-Resolved Photoluminescence 

Spectroscopy  

Nanosecond transient absorption (nsTA) and time—resolved photoluminescence (TR—

PL) measurements were collected with a LP920 laser flash photolysis system from Edinburgh 

Instruments controlled by L900 software program (Edinburgh Instruments). A Vibrant 355 

Nd:YAG/OPO system (OPOTEK) was used for pulsed laser excitation for Re1 and Re2. A 

Continuum Minilite Nd:YAG laser with 355 nm excitation was used for pulsed laser excitation for 

Mod1 and Mod2. To collect the transient absorption difference spectra and time—gated PL 

spectra in the visible portion of the spectrum, an iStar ICCD camera (Andor Technology), 

controlled by L900 was used. Single—wavelength kinetic analysis for absorption and PL were 

collected using a R2658P PMT detector (Hamamatsu) also controlled by L900. Samples were 

prepared under an inert and dry atmosphere of nitrogen in a glovebox (MBraun) in a 10 mm path-

length quartz optical cell. Samples were prepared to have optical densities between 0.3 and 0.6 at 

the excitation wavelength (λex = 410 nm for Re1 and Re2 and λex = 355 nm for Mod1 and Mod2). 

All flash-photolysis experiments were performed at room temperature unless otherwise noted. The 

ground-state electronic absorption spectra were recorded before and after each experiment to 

ensure no sample photo-degradation. The transient kinetic data was evaluated using the fitting 

routines available in Origin Student 2018b (v. 9.55). 

4.3.6. Density Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) Calculations 

Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were 

performed on all complexes using the Gaussian 16 software package (revision A.03)47 and the 
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computational resources of the North Carolina State University High Performance Computing 

Center. Geometry optimizations and TD-DFT calculations were performed using the PBE1PBE 

(PBE0) functional48 and the Def2-SVP basis set of the Alrichs group on all atoms.49 The Stuttgart-

Dresden effective core potentials (ECP) were used to replace the core electrons in rhenium for all 

calculations.50 The polarizable continuum model (PCM)51 was used to simulate the effects of the 

tetrahydrofuran (THF) solvent environment for all calculations, and the GD3 dispersion 

correction52 was used for all ground and excited state geometry optimizations. Frequency 

calculations were performed on all optimized structures and no imaginary frequencies were 

obtained. TD-DFT calculations were used to obtain the energy, oscillator strength, and related 

molecular orbital contributions for the 50 lowest singlet-singlet vertical transitions for all 

molecules studied. The natural transition orbitals (NTOs)53 of the low-lying singlet-singlet 

transitions were generated and visualized using GaussView 6.0.54 Triplet spin density surfaces and 

natural orbitals (NOs) were generated from the optimized T1 excited states and were also visualized 

with GaussView 6.0. 

4.4. Results and Discussion 

4.4.1. Syntheses 

All syntheses were performed under an inert and dry nitrogen atmosphere using standard 

techniques. All reagents were purchased from VWR or Sigma-Aldrich and used as received. The 

synthetic procedures used to make all the chromophores are outlined in Scheme 4.1. The identity 

and purity of all compounds studied were confirmed using 1H NMR, 13C NMR, and high-

resolution mass spectrometry. Synthetic details for all precursors and products in this study are 

included in the Supporting Information. Briefly, 1,8-naphthalic anhydride, 5,6-diamino-1,10-

phenanthroline, and acetic acid were added to a pressure vessel and heated to 140 °C for 24 hours 
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to synthesize the NBI-phen ligand.45 Synthesis of Re1 and Re2 began with NBI-phen and 

Re(CO)5Cl refluxing in toluene to make the chloride intermediate. Re1 was then treated with 

AgOTf in EtOH to remove the chloride which was then reacted with PPh3 in CH3CN to synthesize 

the final product. Re2 also began with the chloride intermediate as with Re1 but was treated with 

AgOTf in CH3CN to synthesize the final product. Mod1 and Mod2 were synthesized according to 

previous literature precedence.55, 56 

 
Scheme 4.1. Synthetic pathways leading to NBI-phen, Re1 and Re2. 

  

4.4.2. Electronic Structure Calculations 

Ground state geometry optimizations were initially performed on both the model 

complexes (Mod1 and Mod2) and the bichromophores (Re1 and Re2) to establish how the frontier 

molecular orbitals are altered by interchanging 1,10-phenanthroline with NBI-phen as the diimine 

ligand. Representative frontier orbital diagrams are shown below in Figure 4.1 for Mod1 and Re1. 

Corresponding diagrams are reported in Figure C16 for Mod2 and Re2. The frontier orbitals for 

Mod1 depict the three highest occupied molecular orbitals to be the Re(I) dπ orbitals, while the 

LUMO corresponds to the π* orbital on the diimine. This suggests that the lowest energy 

transitions in the UV-Vis of this complex are MLCT in nature. Similar conclusions can be drawn 
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from Figure C16 for Mod2. Conversely, the frontier orbitals for Re1 reveal the emergence of a 

diimine-based π molecular orbital as the HOMO, while the LUMO is lowered in energy and 

maintained as the π* orbital on the diimine. Additionally, the HOMO-LUMO gap is calculated to 

be much smaller in Re1 than in Mod1 (~0.6 eV). As a result, it is expected that the lowest energy 

transition in Re1 is ligand-centered and the complex will exhibit superior visible light absorption 

than its corresponding model complex, Mod1. Similarly, this trend is also observed when 

comparing Mod2 to Re2. 

  
Figure 4.1. Representative frontier molecular orbital diagrams of the Mod1 and corresponding 

NBI-phen complex Re1, where L = PPh3. 

 

 Using the optimized ground state geometries, the electronic absorption spectrum of each 

complex was simulated by calculating the 50 lowest singlet transitions for each complex. The 

calculated electronic absorption spectra of Mod1 and Re1 are presented in Figures C17 and C18, 

respectively, and are overlaid with their experimental spectra. For Mod1, the calculated spectrum 
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is in good agreement with experimental data, with the lowest energy absorption maximum being 

slightly overestimated in energy. The calculated electronic absorption spectrum of Re1 is also in 

good agreement with experimental data, with the lowest energy absorption maximum being 

slightly underestimated in energy. Natural transition orbitals were calculated for the three lowest-

lying vertical excitations of Mod1 and Re1 to elucidate the character of the transitions making up 

the majority of the lowest energy absorption bands. The resultant hole-particle pairs are displayed 

in Figure C21 for Mod1 and Figure C22 for Re1. The energies and oscillator strengths for these 

transitions are compiled in Table C1. The three lowest energy singlet transitions for Mod1 are all 

MLCT in nature with low oscillator strength. The hole corresponds to a Re(I) dπ orbital in each 

case and the particle corresponds to a π* orbital on the diimine. Conversely, the lowest energy 

singlet transition for Re1 is LC in nature with significant oscillator strength. The hole corresponds 

to a π orbital on the diimine and the particle corresponds to a π* orbital on the diimine. The pure 

MLCT transition for Re1 is not observed until the S0→S3 transition, which is significantly higher 

in energy with much lower oscillator strength than the LC transition (see Table C1). These results 

are consistent with those predicted from the change in frontier molecular orbitals shown in Figure 

4.1 when interchanging 1,10-phenanthroline with NBI-phen as the diimine, and is also observed 

in Mod2 and Re2 (Figures C23-24). 

The character of the lowest energy triplet excited state in the bichromophores were 

assigned by calculating natural orbitals from the optimized geometry of the lowest energy triplet 

state. Using Re1 as a representative example, the singly-occupied natural orbitals display the 

unpaired spins to be located on the diimine ligand in orbitals of π-symmetry (Figure C25). It should 

be noted that the natural orbitals depict a significant degree of intra-ligand charge transfer in this 

triplet excited state, which is not observed in the lowest energy singlet vertical LC transition 
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predicted using TD-DFT. Additionally, the Re(I) dπ natural orbitals are observed to all be doubly 

occupied, further confirming there is no MLCT character in this lowest energy triplet excited state. 

The natural orbital analysis for Re2 depicted in Figure C26 gives the same results. Finally, the spin 

density surfaces generated from the lowest energy triplet state of Re1 and Re2 both depict spin 

density to be localized solely on the NBI-phen ligand (Figure C27), corroborating that the lowest 

energy triplet excited state in these complexes are 3LC. 

4.4.3. Electronic Absorption and Photoluminescence Spectroscopy  

The electronic absorption spectra of Re1-2 and Mod1-2 are presented in Figure 4.2, with 

additional spectroscopic results in Table 4.1. Mod1 and Mod2 are the model inorganic 

chromophores for this study and NBI (Figure C29) is used as a model organic chromophore. NBI-

phen is not used as the organic model due to its insolubility in many organic solvents. During 

photophysical study of the two bichromophores (discussed below), Re1 and Re2, it became clear 

that these molecules shared remarkably similar characteristics with the features seen in an Ir(III) 

chromophore featuring the NBI ligand.57 While the photophysical data for NBI will be used in lieu 

of NBI-phen, it is important to note that due to the extended π system of NBI-phen a bathochromic 

shift in its absorption and photoluminescence features is expected. 
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Table 4.1. Electronic absorbance and photoluminescence data of studied molecules in THF. 
Molecule λabs, nm 

(ε, M-1 cm-1) 
λam, nm RTa 

(77 K)b 
Φem

c
 (%) 

Re1 292 (31200) 406 (18700) 535, 624, 688 
(540, 614, 675) 

< 1 

Re2 294 (37700) 404 (21200) 506, 633, 689 
(532, 615, 672) 

< 1 

Mod1 275 (24700) 374 (3340) 524 46.8 
Mod2 277 (25800) 365 (3180) 548 11.7 

aRoom temperature PL maxima are corrected and were performed in deaerated THF. b77 K 
measurements were made with 2-MeTHF and PL maxima are uncorrected. cAbsolute quantum 
yields. 

 

 
Figure 4.2. Electronic absorption spectra of (A) Re1 and Re2 and (B) Mod1 and Mod2 

measured in THF. 

 

From Figure 4.2A, the visible absorption cross-section was observed to be markedly 

enhanced for Re1 and Re2 as compared to their respective model chromophores, Figure 4.2B. This 

increase in visible light absorptivity is a direct consequence of the NBI being fused to the 1,10-

phenanthroline ligand. The higher energy transitions of both Re1 and Re2 in the UV, < 300 nm, 

are of higher energy π→π* transitions on the diimine ligand.   The generally broad and slightly 

featured low energy band has a peak maximum at 406 nm with a shoulder at 425 nm for Re1 and 

404 nm with a shoulder at 425 nm for Re2. TD-DFT calculations of both Re1 and Re2 indicate 
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the lowest energy transition, S0→S1, is a π→π* transition localized on the NBI-phen. It is not until 

the S0→S3 transition that MLCT character is observed at much higher energy. NBI, Figure C29, 

has a largely broad and featureless low energy band. Computations show that the two lowest 

energy transitions are comprised of a charge transfer band where the electron density is localized 

along the π system of the entire ligand and then shifts towards the naphthalene end of the ligand 

(S0→S1) and a π→π* transition (S0→S2).
39 This behaviour is mirrored in the NBI-phen ligand as 

seen in the computations (Figure C28).  

The static PL spectra of Re1 and Re2 share similar features (Figure 4.3A) after being 

excited with 415 nm. Re1 has three peak maximums at 535, 624, and 688 nm. The peak maximums 

of Re2 are 506, 633, and 689 nm. The slight shoulder at 477 nm in both complexes is from the 

Raman band of THF which is noticeable due to the low quantum yield values for both 

bichromophoric complexes (< 1%). For both molecules, the highest energy peak is assigned to the 

singlet fluorescence of the organic chromophore due to their similar peak positions and because 

the peak remains even after being exposed to molecular dioxygen (Figure C30). The two lower 

energy features are therefore designated to be the triplet PL emission of the NBI-phen ligand, 

which were completely quenched by exposure to molecular dioxygen (Figure C30).  Further 

evidence of these peaks triplet character is the triplet sensitized spectrum of NBI recorded by 

Yarnell and co-workers.57 In their study, they found the triplet state of NBI to emit at 607 and 664 

nm in 2-MeTHF. Excitation scans (Figure C31) monitoring emission intensity at all three observed 

PL peaks for both Re1 and Re2 reproduced the lowest energy band of the absorbance spectra that 

we characterize as exclusively NBI-phen electronic transitions. These combined data all suggest 

that not only do these molecules obey Kasha’s rule, the lowest emitting state of these two 

bichromophores consists of triplet NBI-phen with residual singlet fluorescence of the same unit. 
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Figure 4.3. Static photoluminescence spectra of (A) Re1 and Re2 (λex = 415 nm) and (B) Mod1 

and Mod2 (λex = 355 nm) in deaerated THF. 

 

Mod1 and Mod2 electronic absorption spectra are presented in Figure 4.2B and their 

steady-state PL in Figure 4.3B. The absorbance and photoluminescence spectra of both model 

compounds are analogous to previously synthesized rhenium(I) tricarbonyl diimines of similar 

structure.2, 28, 29, 55, 56, 58 Mod1 and Mod2 absorption spectrum is characterized by strong UV 

absorption < 300 nm correlating to π→π* transitions of the phenanthroline ligand. The lower 

energy band of the model complexes with peak maximums at 374 and 365 nm for Mod1 and Mod2 

respectively are attributed to the MLCT transition, consistent with previously reported data of 

similarly constructed molecules and agree with the TD-DFT calculations performed (discussed 

above). The PL of both models (Figure 4.3B) are assigned to the 3MLCT excited state due to their 

large stokes shift (524 nm, Mod1, and 548 nm, Mod2), broad and featureless profile, and excited 

state lifetime (discussed below). Additionally, previous molecules of a similar structural motif 

have their PL assigned to being 3MLCT character.2, 28, 29, 55, 56, 58 
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4.4.4. Transient Absorption and Time-Resolved PL Spectroscopy  

The ultrafast excited state absorption difference spectra of Re2 are presented in Figure 

4.4A, and Mod2 in Figure 4.5A, while those of Re1 and Mod1 are presented in Figures C32A and 

C38A, respectively. Re2 ultrafast excited state difference spectra (Figure 4.4A) is used as 

representative data for both bichromophores as the UFTA of Re1 is nearly identical. The UFTA 

of Re2 shares similar features at early time scales with NBI (Figure C37). The prompt signal shows 

that there are excited state features that align well with NBI at 363, 460, and 698 nm. The dip in 

the excited state between 460 and 698 nm is due to stimulated emission that is not quite intense 

enough to be a negative feature but still distorts the excited state features at early time delays. 

Additionally, there is a ground state bleach centered at 406 nm, in good agreement with the low 

energy absorption band already assigned to 1LC transitions within the NBI-phen unit (Figure 

4.2A). Over the course of the experiment, the excited state features evolve into a state where there 

is no stimulated emission; the excited state features in the visible region peak at 460 nm and span 

out into the NIR. This behaviour is in stark contrast to NBI where no new features are seen after 

6 ns (Figure C37).  
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Figure 4.4. UFTA of (A) Re2 in THF following 400 nm pulsed laser excitation (105 fs fwhm, 0.3 

mJ/pulse) and (B) nsTA of Re2 in deaerated THF following 415 nm excitation (1.8 mJ/pulse). 

 

Single wavelength analysis at 460 nm of Re2 yields a biexponential decay where the faster 

time constant is 10.5 ps and the second is 74.2 ps (Re1 τ1 = 7.6 and τ2 = 39.1 ps) (Figures C33-

34). Due to the similar features between the prompt signal of the bichromophores and the NBI, we 

have attributed the first time constant to the singlet decay of the organic ligand on the 

bichromophores. The second time constant we are assigning to the ISC rate from the singlet 

manifold to the triplet manifold of the NBI-phen ligand. These two time constants are consistent 

with the work done by Blanco-Rodríguez et al where ISC from the singlet state to the triplet state 

is possible due to the close proximity of a heavy atom, rhenium.59, 60 There is no spectroscopic or 

kinetic evidence that the MLCT-based electronic transitions play an active role in the ultrafast time 

domain of these molecules as seen in previous bichromophoric studies. However, there is 

spectroscopic evidence that the NBI-phen is entering its triplet excited state. The final trace at 6 ns 
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in Figure 4.4A mimics the initial trace in the nsTA spectra in Figure 4.4B. Lack of new 

spectroscopic features between the two experiments implies that the final excited state is formed 

in the ultrafast and then decays back to ground state. Further evidence that supports assignment of 

3LC character of the NBI-phen as the final excited state is discussed immediately below.  

Representative ultrafast excited state difference spectra of the models are of Mod2 are 

presented in Figure 4.5A (Mod1 Figure C38A). After 350 nm excitation (105 fs fwhm, 50 

µJ/pulse), the compound displays only excited state features that develop a more refined shape 

over the course of the experiment with peak maxima at 400 and 450 nm. These absorption features 

are vastly different than their respective bichromophoric molecule (Figure 4.4A, C32A). The 

associated short time constants observed in Mod1 and Mod2 are significantly different (< 150 fs) 

than those measured in Re1 and Re2. Additionally, the longer time decay components observed 

in the model complexes, 8.84 and 9.35 ps for Mod2 and Mod1 respectively, (Figures C39-40) are 

unique with respect to the kinetics observed in the title chromophores. The faster time constant 

measured for both models are assigned to intersystem crossing and formation of the radical anion 

on the diimine ligand. The longer time components are believed to correspond to vibrational 

cooling on the triplet surface. Both time constants are in good agreement with previously studied 

Re-CDI molecules featuring MLCT excited states.5, 8, 28, 29 
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Figure 4.5. Representative (Mod1 and Mod2) transient absorption spectra of (A) UFTA of Mod2 

following 350 nm excitation (105 fs fwhm, 50 µJ/pulse) in THF and (B) nsTA of Mod2 following 

355 nm excitation (1.8 mJ/pulse) in deaerated THF. 

 

The nsTA excited state difference spectra of Re2 is displayed in Figure 4.4B as 

representative data for both bichromophores of this study. From the trace, we see that the features 

are consistent with the final trace from the UFTA data indicating that the same excited state is 

observed at the end of the UFTA experiment and throughout the nsTA experiment. There are two 

excited state features, one in the UV ca. 375 nm and one that peaks in the visible near 460 nm that 

broadens out to the NIR. These two features sandwich a ground state bleach at 400 nm. Because 

both Re1 and Re2 have nearly identical excited state features and ground state bleaches, this 

suggests that the excited state observed in the ns time domain is of 3NBI-phen as it is the shared 

ligand between the two compounds. Additionally, these features persist for hundreds of 

microseconds suggesting that the associated excited state observed is of 3LC character. Further 

support that the excited state observed is 3NBI-phen is the triplet sensitized nsTA spectrum of 
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3NBI presented by Yarnell et. al where there is an excited state feature ca. 450 nm that spans out 

to the NIR.57 This slight blue shift in the excited state difference spectrum is expected as the ligand 

is structured differently and is a free ligand in solution. Single-wavelength kinetic analysis at 460 

nm yielded a kinetic trace that could not be fit to a mono-exponential decay and was found to be 

power dependent in nature. Observing this phenomenon, we fit the data using eq. 1 

∆𝐴 =  
∆𝐴0(1−𝛽)

exp(𝑘𝑇𝑡)−𝛽
 eq. 1 

where β equates to the initial fraction of triplet decay occurring through TTA.61 

From this fitting equation and multiple experimental pulse energies (Figures C35-36, 

Tables C3-4), we were able to ascertain that these molecules, Re1 and Re2, undergo triplet-triplet 

annihilation (TTA) with themselves and have an experimental triplet decay rate constant on the 

order of  

103 s-1.  

Room temperature and 77 K TR-PL spectra of Re2 are displayed in Figure 4.6 with relevant 

peak maximums in Table 4.1. In the RT experiment (Figure 4.6A) with a long gate (10.00 µs), we 

were able to resolve one feature at 515 with two red shoulders at 623, and 684 nm. Under similar 

experimental conditions Re1 displayed a feature at 532 nm but only one shoulder at 622 nm (Figure 

C41A). In a frozen glass at 77 K, the red features became more pronounced, appearing much more 

like the features seen in the static PL spectra (Figure 4.3A). As such, we confidently assign the 

features as 1LC and 3LC in nature. Additionally, we were able to watch the RT PL decay over the 

same time range as the transient absorption (Figure 4.4B) experiment discussed above. The 

incredibly long-lived excited state, excited state spectral features, TR-PL, and calculations all lend 

significant support in assigning 3NBI-phen as the final excited state.  
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Figure 4.6. Representative (Re1 and Re2) time-resolved photoluminescence data of Re2 at (A) 

room temperature in deaerated THF and (B) 77 K in 2-MeTHF following 415 nm excitation (1.8 

mJ/pulse). 

 

 Mod2 nsTA is displayed in Figure 4.5B and is representative of Mod1 (Figure C38B). 

Upon 355 nm excitation, prompt signal shows positive absorption features across the entire visible 

region, similar to its UFTA, Figure 4.5A. The excited state features of both model complexes 

resemble the 3MLCT transition in Re-CDI molecules featuring a phenanthroline ligand.27-29, 62 

Additionally, the lifetimes of the two models are consistent with [Re(phen)(CO)3(L)]+ (L = neutral 

ligand) molecules featuring a 3MLCT with lifetimes of 2.2 and 2.3 µs for Mod1 and Mod2 

respectively (Figure C44-45).2, 28, 56 The TR-PL and their PL lifetimes of both models are presented 

in Figure C42-45. Like their steady-state PL, the TR-PL spectra of the models are broad and 

featureless with peak maxima at 516 nm and 540 nm for Mod1 and Mod2, respectively. Over the 

course of the experiment, no new features are noted, and the experimental lifetime of their PL 
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(τ = 2.5 µs for both Mod1 and Mod2) matches their nsTA lifetime indicating that the final excited 

state is also the emitting state.  

4.5. Conclusions 

In this study, we have successfully integrated a perinone, NBI-phen, onto two Re(I) 

carbonyl diimine complexes and have fully characterized the excited state processes from prompt 

excitation to ground state and compared them to their respective model compounds. Additionally, 

we have used electronic structure calculations to provide theoretical relevance and support for our 

experimental findings. This study has revealed that by integrating the NBI-phen ligand into the 

framework of the Re-CDI, we obtain higher visible light absorptivity and extended excited state 

lifetimes that are capable of self-quenching via TTA in solution. However, the incorporation of 

the perinone onto the Re(I) centre dramatically decreased the quantum yield. We conclude that 

upon excitation, the 1LC band of the NBI-phen undergoes ISC to the 3LC due to the heavy-atom 

effect presented by Re(I), where it then decays back to the ground state. Lastly, while a thermal 

equilibrium between the organic ligand and Re-CDI was not formed in these two systems due to 

the large energy gap between the 3MLCT and 3LC states, the long-lived nature of the NBI-phen 

3LC state makes these materials an ideal candidate as a low-lying triplet reservoir. As such, if an 

inorganic chromophore of appropriate MLCT energy is introduced in place of our present Re-CDI 

complexes, a strong thermal equilibrium is likely to establish.27-38 However, these materials are 

well suited for light harvesting applications and readily sensitize the organic triplet making them 

good candidates for a variety of applications.11, 13, 15-17, 24  
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Appendix A 

 

A.1. Synthetic Details and Structural Characterization 

Synthesis of 2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (NI). p-Toluidine (10.16 mmol, 

1.09 g), 1,8-naphthalic anhydride (9.24 mmol, 1.82 g), and 50 mL of glacial acetic acid were added 

to a 150 mL pressure vessel and heated to 140 °C for 6 hours. Once cool, 25 mL of distilled water 

was added to the solution and the white precipitate was filtered on a glass frit. The solid was 

washed with 200 mL of water and dried overnight under vacuum. The crude solid was filtered 

using the isolera automated flash column with a silica column and eluted with 

dichloromethane/hexanes in a 3:1 ratio. The solvent was removed and the white solid was obtained 

in 60% yield. 1H NMR (400 MHz, CD2Cl2), δ 8.60 (dd, J = 7.2, 1.1 Hz, 2H), 8.31 (dd, J = 8.1, 1.2 

Hz, 2H), 7.81 (dd, J = 8.3, 7.3 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H), 2.46 (s, 

3H). MS [HR-ESI (CH2Cl2) m/z] 288.1027 [M+H]+, calcd (C19H14NO2) 288.1025. Anal. Calcd 

(found) for C19H13NO2: C, 79.43 (79.14); H, 4.56 (4.81); N, 4.88 (4.87). ATR-FTIR: 490, 516, 

538, 781, 812, 1185, 1234, 1352, 1373, 1514, 1587, 1656, 1673, 1699 cm-1. 

 

 
Figure A1. 1H NMR spectrum of NI in CD2Cl2 (400 MHz). 
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Figure A2. 1H NMR spectrum of NI in CD2Cl2 (400 MHz) with zoomed in aromatic region. 

 

 
Figure A3. HRMS of NI. 

 

Synthesis of 2-(1,10-phenanthrolin-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (NI-phen). 5-

Amino-1,10-phenanthroline (4.4 mmol, 859 mg), 1,8-naphthalic anhydride (4 mmol, 793 mg), and 
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20 mL of glacial acetic acid were added to a 75 mL pressure vessel and heated to 145 °C for 24 

hours. Once cool, 15 mL of distilled water was added to the solution and the tan precipitate was 

filtered on a glass frit. The solid was washed with 250 mL of water and dried overnight under 

vacuum. The off-white solid was obtained in 52% yield (785 mg). 1H NMR (400 MHz, CDCl3), δ 

9.31 – 9.22 (m, 2H), 8.71 (dd, J = 7.3, 1.1 Hz, 2H), 8.38 (dd, J = 8.4, 1.1 Hz, 2H), 8.31 (dd, J = 

8.2, 1.8 Hz, 1H), 8.06 (dd, J = 8.3, 1.7 Hz, 1H), 7.91 – 7.84 (m, 3H), 7.71 (dd, J = 8.0, 4.4 Hz, 1H), 

7.59 (dd, J = 8.3, 4.3 Hz, 1H). 

 

Synthesis of Re(NI-phen)(CO)3Cl. Pentacarbonylchlororhenium(I) (1 mmol, 363 mg) was added 

to one equivalent of NI-phen (1 mmol, 374 mg) and 20 mL of toluene in a 50 mL round bottom 

flask. The solution was degassed, put under N2, and refluxed while mixing for 1 hour. After 

cooling, the yellow precipitate was filtered out on a glass frit and washed with 200 mL of toluene. 

The yellow solid was dried under vacuum overnight and was obtained in 98% yield (671 mg). 1H 

NMR (400 MHz, CD2Cl2), δ 9.47 – 9.39 (m, 2H), 8.70 (ddd, J = 13.4, 7.3, 1.2 Hz, 2H), 8.65 (dd, 

J = 8.3, 1.4 Hz, 1H), 8.44 (dt, J = 8.3, 1.3 Hz, 2H), 8.37 (dd, J = 8.5, 1.4 Hz, 1H), 8.18 (s, 1H), 

7.95 (dd, J = 8.2, 5.1 Hz, 1H), 7.90 (ddd, J = 8.5, 7.3, 1.6 Hz, 2H), 7.83 (dd, J = 8.5, 5.1 Hz, 1H). 

 

Synthesis of [Re(NI-phen)(CO)3(dmap)](PF6) (Re1). Re(NI-phen)(CO)3Cl (0.25 mmol, 170 mg) 

and silver triflate (0.26 mmol, 67 mg) were added to 100 mL round bottom flask along with 50 

mL of absolute ethanol. The solution was covered (dark), deaerated, put under N2, and refluxed 

for 6 hours. Once cool, the solution was filtered through celite on a glass frit to remove AgCl from 

solution. The yellow filtrate was added to an excess of dimethylaminopyridine (2.5 mmol, 305 

mg) and the solution was then refluxed for an additional 3 hours. The solvent volume was reduced 
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to approximately 10 mL, followed by a dropwise addition of an ammonium hexafluorophosphate 

solution in water (1.0 g in 10 mL) to precipitate the product. The solid was collected on a glass frit 

and washed with 200 mL of distilled water. The solid was recrystallized by dissolving in hot 

methanol and slowly precipitating the solid with a slow addition of ammonium 

hexafluorophosphate solution in water. The yellow solid was dried under vacuum overnight and 

was obtained in 99% yield (226 mg). 1H NMR (400 MHz, CD2Cl2), δ 9.58 (ddd, J = 12.8, 5.2, 1.4 

Hz, 2H), 8.82 (dd, J = 8.4, 1.4 Hz, 1H), 8.66 (ddd, J = 16.2, 7.3, 1.2 Hz, 2H), 8.51 (dd, J = 8.5, 1.4 

Hz, 1H), 8.48 – 8.43 (m, 2H), 8.25 (s, 1H), 8.16 (dd, J = 8.3, 5.2 Hz, 1H), 8.04 (dd, J = 8.5, 5.1 

Hz, 1H), 7.90 (ddd, J = 8.3, 7.3, 4.6 Hz, 2H), 7.65 (d, J = 7.4 Hz, 2H), 6.27 (d, J = 7.4 Hz, 2H), 

2.91 (s, 6H). MS [HR-ESI (CH2Cl2) m/z] 766.1224 [M−PF6]
+, calcd (C34H23N5O5

185Re) 766.1229. 

Anal. Calcd (found) for C34H23F6N5O5PRe·0.5H2O: C, 44.30 (44.15); H, 2.62 (2.40); N, 7.60 

(7.46). ATR-FTIR: 557, 730, 779, 838, 1234, 1350, 1587, 1626, 1673, 1709, 1903, 2058 cm-1. 

 

 
Figure A4. 1H NMR spectrum of [Re(NI-phen)(CO)3(dmap)](PF6) (Re1) in CD2Cl2 (400 MHz). 
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Figure A5. 1H NMR spectrum of [Re(NI-phen)(CO)3(dmap)](PF6) (Re1) in CD2Cl2 (400 MHz) 

with zoomed in aromatic region. 
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Figure A6. 1H-1H COSY NMR spectrum of [Re(NI-phen)(CO)3(dmap)](PF6) (Re1) in CD2Cl2 

(400 MHz). 
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Figure A7. HRMS of [Re(NI-phen)(CO)3(dmap)](PF6) (Re1). 

 

Synthesis of 6-bromo-2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (BrNI). p-Toluidine 

(10.16 mmol, 1.09 g), 4-bromo-1,8-naphthalic anhydride (9.24 mmol, 2.56 g), and 50 mL of glacial 

acetic acid were added to a 150 mL pressure vessel and heated to 140 °C for 6 hours. Once cool, 

25 mL of distilled water was added to the solution and the white precipitate was filtered on a glass 

frit. The solid was washed with 200 mL of water and dried overnight under vacuum. The crude 

solid was filtered using the isolera automated flash column with a silica column and eluted with 

dichloromethane/hexanes in a 3:1 ratio. The solvent was removed, and the off-white solid was 

obtained in 60% yield. 1H NMR (400 MHz, CD2Cl2), δ 8.69 – 8.62 (m, 2H), 8.42 (d, J = 7.9 Hz, 

1H), 8.10 (d, J = 7.8 Hz, 1H), 7.90 (dd, J = 8.5, 7.3 Hz, 1H), 7.37 (d, J = 7.9 Hz, 2H), 7.18 (d, J = 

8.2 Hz, 2H), 2.46 (s, 3H). MS [HR-ESI (CH2Cl2) m/z] 366.0134 [M+H]+, calcd (C19H13NO2
79Br) 
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366.0130. Anal. Calcd (found) for C19H12BrNO2: C, 62.32 (62.04); H, 3.30 (3.27); N, 3.82 (3.81). 

ATR-FTIR: 422, 500, 518, 730, 781, 814, 1193, 1238, 1344, 1365, 1589, 1656, 1707 cm-1. 

 
Figure A8. 1H NMR spectrum of BrNI in CD2Cl2 (400 MHz). 

 

 

 
Figure A9. 1H NMR spectrum of BrNI in CD2Cl2 (400 MHz) with zoomed in aromatic region. 
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Figure A10. HRMS of BrNI. 

 

Synthesis of 6-bromo-2-(1,10-phenanthrolin-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(BrNI-phen). 5-Amino-1,10-phenanthroline (2.03 mmol, 396 mg), 4-bromo-1,8-naphthalic 

anhydride (1.85 mmol, 512 mg), and 10 mL of glacial acetic acid were added to a 75 mL pressure 

vessel and heated to 145 °C for 5 hours. Once cool, 5 mL of distilled water was added to the 

solution and the tan precipitate was filtered on a glass frit. The solid was washed with 250 mL of 

water and dried overnight under vacuum. The light brown solid was obtained in 59% yield (498 

mg). 1H NMR (400 MHz, CD2Cl2), δ 7.32 (dd, J = 17.8, 4.6 Hz, 2H), 6.81 (t, J = 7.6 Hz, 2H), 6.57 

(d, J = 7.8 Hz, 1H), 6.35 (d, J = 8.1 Hz, 1H), 6.22 (d, J = 7.8 Hz, 1H), 6.08 (d, J = 8.3 Hz, 1H), 

6.02 (t, J = 8.0 Hz, 1H), 5.95 (s, 1H), 5.80 – 5.59 (m, 2H). 
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Synthesis of Re(BrNI-phen)(CO)3Cl. Pentacarbonylchlororhenium(I) (0.5 mmol, 181 mg) was 

added to one equivalent of BrNI-phen (0.5 mmol, 227 mg) and 20 mL of toluene in a 50 mL round 

bottom flask. The solution was degassed, put under N2, and refluxed while mixing for 1 hour. After 

cooling, the yellow precipitate was filtered out on a glass frit and washed with 200 mL of toluene. 

The yellow solid was dried under vacuum overnight and was obtained in 93% yield (353 mg). 1H 

NMR (400 MHz, CDCl3), δ 9.46 (ddd, J = 15.3, 5.1, 1.4 Hz, 2H), 8.82 – 8.74 (m, 2H), 8.60 – 8.49 

(m, 2H), 8.29 (dd, J = 8.5, 1.4 Hz, 1H), 8.19 (dd, J = 7.8, 3.2 Hz, 1H), 8.12 (s, 1H), 7.99 (ddd, J = 

8.6, 7.3, 2.7 Hz, 1H), 7.92 (dd, J = 8.2, 5.2 Hz, 1H), 7.81 (dd, J = 8.5, 5.0 Hz, 1H). 

 

Synthesis of [Re(BrNI-phen)(CO)3(dmap)](PF6) (Re2). Re(BrNI-phen)(CO)3Cl (0.25 mmol, 190 

mg) and silver triflate (0.26 mmol, 67 mg) were added to 100 mL round bottom flask along with 

50 mL of absolute ethanol. The solution was covered (dark), deaerated, put under N2, and refluxed 

for 6 hours. Once cool, the solution was filtered through celite on a glass frit to remove AgCl from 

solution. The yellow filtrate was added to an excess of dimethylaminopyridine (0.375 mmol, 46 

mg) and the solution was then refluxed for an additional 6 hours. The solvent volume was reduced 

to approximately 10 mL, followed by a dropwise addition of an ammonium hexafluorophosphate 

solution in water (1.0 g in 10 mL) to precipitate the product. The solid was collected on a glass frit 

and washed with 250 mL of distilled water. The solid was recrystallized by dissolving in hot 

methanol and slowly precipitating the solid with a slow addition of ammonium 

hexafluorophosphate solution in water. The yellow solid was dried under vacuum overnight and 

was obtained in 90% yield (223 mg). 1H NMR (400 MHz, CD2Cl2), δ 9.58 (ddd, J = 12.1, 5.1, 1.3 

Hz, 2H), 8.81 (ddd, J = 9.3, 8.6, 1.2 Hz, 2H), 8.72 (ddd, J = 15.2, 7.3, 1.2 Hz, 1H), 8.52 – 8.43 (m, 

2H), 8.26 (s, 1H), 8.23 – 8.13 (m, 2H), 8.08 – 7.96 (m, 2H), 7.65 (d, J = 7.4 Hz, 2H), 6.27 (d, J = 
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7.4 Hz, 2H), 2.91 (d, J = 0.5 Hz, 6H). MS [HR-ESI (CH2Cl2) m/z] 844.0316 [M−PF6]
+, calcd 

(C34H22N5O5
185Re79Br) 844.0334. Anal. Calcd (found) for C34H22BrF6N5O5PRe·0.5H2O: C, 40.81 

(40.58); H, 2.32 (2.17); N, 7.00 (6.72). ATR-FTIR: 418, 477, 514, 543, 557, 726, 781, 838, 1234, 

1364, 1363, 1589, 1626, 1673, 1713, 1905, 2028 cm-1. 

 

 
Figure A11. 1H NMR spectrum of [Re(BrNI-phen)(CO)3(dmap)](PF6) (Re2) in CD2Cl2 (400 

MHz). 

 

 
Figure A12. 1H NMR spectrum of [Re(BrNI-phen)(CO)3(dmap)](PF6) (Re2) in CD2Cl2 (400 

MHz) with zoomed in aromatic region. 
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Figure A13. 1H-1H COSY NMR spectrum of [Re(BrNI-phen)(CO)3(dmap)](PF6) (Re2) in 

CD2Cl2 (400 MHz). 



 

160 

 

 

 
Figure A14. HRMS of [Re(BrNI-phen)(CO)3(dmap)](PF6) (Re2). 

 

Synthesis of 6-phenoxy-2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (PONI). NNI (1 

mmol, 332 mg), phenol (5 mmol, 471 mg), and anhydrous potassium carbonate (5 mmol, 675 mg) 

were heated at 100 °C in anhydrous dimethylformamide (40 mL) for 4 h. Once cool, 40 mL of 

distilled water was added to solution to precipitate product. The solid was collected on a glass frit 

and washed with 200 mL of water. The solid was recrystallized by dissolving in hot ethanol and 

cooling in a freezer. The off-white product was dried under vacuum overnight and was obtained 

in 86% yield (326 mg).  1H NMR (400 MHz, CD2Cl2), δ 8.78 (dd, J = 8.4, 1.2 Hz, 1H), 8.66 (dd, 

J = 7.3, 1.2 Hz, 1H), 8.45 (d, J = 8.3 Hz, 1H), 7.84 (dd, J = 8.4, 7.3 Hz, 1H), 7.55 – 7.47 (m, 2H), 

7.39 – 7.30 (m, 3H), 7.27 – 7.22 (m, 2H), 7.18 (d, J = 8.2 Hz, 2H), 6.96 (d, J = 8.3 Hz, 1H), 2.46 

(s, 3H). MS [HR-ESI (CH2Cl2) m/z] 380.1289 [M+H]+, calcd (C25H18NO3) 380.1287. Anal. Calcd 
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(found) for C25H17NO3·0.1H2O: C, 78.77 (78.84); H, 4.55 (4.73); N, 3.67 (3.67). ATR-FTIR: 485, 

696, 753, 779, 804, 1136, 1177, 1201, 1236, 1356, 1575, 1660, 1699 cm-1. 

 
Figure A15. 1H NMR spectrum of PONI in CD2Cl2 (400 MHz). 

 

 

 
Figure A16. 1H NMR spectrum of PONI in CD2Cl2 (400 MHz) with zoomed in aromatic region. 
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Figure A17. HRMS of PONI. 

 

Synthesis of 2-(1,10-phenanthrolin-5-yl)-6-phenoxy-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(PONI-phen). NNI-phen (1 mmol, 420 mg), phenol (5 mmol, 471 mg), and anhydrous potassium 

carbonate (5 mmol, 675 mg) were heated at 100 °C in anhydrous dimethylformamide (40 mL) for 

4 h. Once cool, 40 mL of distilled water was added to solution to precipitate product. The solid 

was collected on a glass frit and washed with 200 mL of water. The tan product was dried under 

vacuum overnight and was obtained in 90% yield (460 mg).  1H NMR (400 MHz, CD2Cl2), δ 9.20 

(ddd, J = 17.8, 4.3, 1.7 Hz, 2H), 8.88 (dd, J = 8.4, 1.2 Hz, 1H), 8.73 (dd, J = 7.3, 1.2 Hz, 1H), 8.52 

(d, J = 8.3 Hz, 1H), 8.36 – 8.31 (m, 1H), 8.06 (dd, J = 8.3, 1.7 Hz, 1H), 7.95 – 7.87 (m, 2H), 7.71 

(dd, J = 8.1, 4.3 Hz, 1H), 7.62 – 7.51 (m, 3H), 7.40 – 7.33 (m, 1H), 7.28 (dd, J = 8.7, 1.1 Hz, 2H), 

7.01 (d, J = 8.3 Hz, 1H). 
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Synthesis of Re(PONI-phen)(CO)3Cl. Pentacarbonylchlororhenium(I) (0.4 mmol, 145 mg) was 

added to one equivalent of PONI-phen (0.4 mmol, 187 mg) and 20 mL of toluene in a 50 mL round 

bottom flask. The solution was degassed, put under N2, and refluxed while mixing for 1 hour. After 

cooling, the yellow precipitate was filtered out on a glass frit and washed with 200 mL of toluene. 

The yellow solid was dried under vacuum overnight and was obtained in 92% yield (284 mg). 1H 

NMR (400 MHz, CD2Cl2), δ 9.43 (ddd, J = 13.2, 5.1, 1.4 Hz, 2H), 8.92 (d, J = 8.5 Hz, 1H), 8.75 

(ddd, J = 13.8, 7.2, 1.2 Hz, 1H), 8.64 (d, J = 8.4 Hz, 1H), 8.53 (dd, J = 13.7, 8.3 Hz, 1H), 8.37 (dd, 

J = 8.5, 1.3 Hz, 1H), 8.17 (s, 1H), 7.99 – 7.88 (m, 2H), 7.83 (dd, J = 8.5, 5.0 Hz, 1H), 7.55 (dd, J 

= 8.5, 7.4 Hz, 2H), 7.38 (t, J = 7.5 Hz, 1H), 7.31 – 7.26 (m, 2H), 7.01 (dd, J = 8.2, 1.9 Hz, 1H). 

 

Synthesis of [Re(PONI-phen)(CO)3(dmap)](PF6) (Re3). Re(PONI-phen)(CO)3Cl (0.25 mmol, 193 

mg) and silver triflate (0.26 mmol, 67 mg) were added to 100 mL round bottom flask along with 

50 mL of absolute ethanol. The solution was covered (dark), deaerated, put under N2, and refluxed 

for 6 hours. Once cool, the solution was filtered through celite on a glass frit to remove AgCl from 

solution. The yellow filtrate was added to an excess of dimethylaminopyridine (2.5 mmol, 305 

mg) and the solution was then refluxed for an additional 3 hours. The solvent volume was reduced 

to approximately 10 mL, followed by a dropwise addition of an ammonium hexafluorophosphate 

solution in water (1.0 g in 10 mL) to precipitate the product. The solid was collected on a glass frit 

and washed with 250 mL of distilled water. The solid was recrystallized by dissolving in hot 

methanol and slowly precipitating the solid with a slow addition of ammonium 

hexafluorophosphate solution in water. The yellow solid was dried under vacuum overnight and 

was obtained in 90% yield (226 mg). 1H NMR (400 MHz, CD2Cl2), 9.58 (ddd, J = 11.6, 5.2, 1.4 



 

164 

 

 

Hz, 2H), 8.94 (dd, J = 8.5, 1.2 Hz, 1H), 8.82 (dd, J = 8.4, 1.4 Hz, 1H), 8.71 (ddd, J = 15.9, 7.3, 1.2 

Hz, 1H), 8.56 – 8.44 (m, 2H), 8.24 (s, 1H), 8.16 (dd, J = 8.3, 5.2 Hz, 1H), 8.08 – 8.01 (m, 1H), 

7.93 (ddd, J = 8.4, 7.3, 4.5 Hz, 1H), 7.65 (dd, J = 7.4, 2.2 Hz, 2H), 7.59 – 7.50 (m, 2H), 7.38 (td, J 

= 7.4, 1.2 Hz, 1H), 7.29 (dd, J = 7.5, 1.2 Hz, 2H), 7.01 (dd, J = 8.3, 4.4 Hz, 1H), 6.26 (dd, J = 7.3, 

5.2 Hz, 2H), 2.91 (s, 3H), 2.90 (s, 3H). MS [HR-ESI (CH2Cl2) m/z] 858.1478 [M−PF6]
+, calcd 

(C40H27N5O6
185Re) 858.1491. Anal. Calcd (found) for C40H27F6N5O6PRe·H2O: C, 46.97 (47.06); 

H, 2.86 (2.68); N, 6.85 (6.79). ATR-FTIR: 557, 781, 840, 1206, 1236, 1254, 1356, 1579, 1626, 

1671, 1707, 1907, 2028 cm-1. 

 
Figure A18. 1H NMR spectrum of [Re(PONI-phen)(CO)3(dmap)](PF6) (Re3) in CD2Cl2 (400 

MHz). 

 

 
Figure A19. 1H NMR spectrum of [Re(PONI-phen)(CO)3(dmap)](PF6) (Re3) in CD2Cl2 (400 

MHz) with zoomed in aromatic region. 
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Figure A20. 1H-1H COSY NMR spectrum of [Re(PONI-phen)(CO)3(dmap)](PF6) (Re3) in 

CD2Cl2 (400 MHz). 
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Figure A21. HRMS of [Re(PONI-phen)(CO)3(dmap)](PF6) (Re3). 

 

Synthesis of 6-(phenylthio)-2-(p-tolyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (PSNI). NNI (1 

mmol, 332 mg), benzenethiol (5 mmol, 563 μL), and anhydrous potassium carbonate (5 mmol, 

675 mg) were heated at 100 °C in anhydrous dimethylformamide (40 mL) for 4 h. Once cool, 40 

mL of distilled water was added to solution to precipitate product. The solid was collected on a 

glass frit and washed with 200 mL of water. The solid was recrystallized by dissolving in hot 

ethanol and cooling in a freezer. The yellow product was dried under vacuum overnight and was 

obtained in 80% yield (317 mg).  1H NMR (400 MHz, CD2Cl2), δ 8.73 (dd, J = 8.5, 1.1 Hz, 1H), 

8.64 (dd, J = 7.3, 1.1 Hz, 1H), 8.35 (d, J = 7.9 Hz, 1H), 7.84 (dd, J = 8.5, 7.3 Hz, 1H), 7.61 – 7.53 

(m, 2H), 7.51 – 7.45 (m, 3H), 7.39 – 7.32 (m, 3H), 7.16 (d, J = 8.1 Hz, 2H), 2.45 (s, 3H). MS [HR-

ESI (CH2Cl2) m/z] 396.1058 [M+H]+, calcd (C25H18NO2S) 396.1058. Anal. Calcd (found) for 
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C25H17NO2S: C, 75.93 (75.66); H, 4.33 (4.56); N, 3.54 (3.54). ATR-FTIR: 445, 516, 685, 747, 

777, 810, 904, 1134, 1175, 1185, 1230, 1346, 1361, 1507, 1562, 1581, 1656, 1697 cm-1. 

 

 
Figure A22. 1H NMR spectrum of PSNI in CD2Cl2 (400 MHz). 

 

 

 
Figure A23. 1H NMR spectrum of PSNI in CD2Cl2 (400 MHz) with zoomed in aromatic region. 
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Figure A24. HRMS of PSNI. 

 

Synthesis of 2-(1,10-phenanthrolin-5-yl)-6-(phenylthio)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (PSNI-phen). NNI-phen (1 mmol, 420 mg), phenol (5 mmol, 563 μL), and anhydrous 

potassium carbonate (5 mmol, 675 mg) were heated at 100 °C in anhydrous dimethylformamide 

(40 mL) for 4 h. Once cool, 40 mL of distilled water was added to solution to precipitate product. 

The solid was collected on a glass frit and washed with 500 mL of water. The tan product was 

dried under vacuum overnight and was obtained in 66% yield (321 mg).  1H NMR (400 MHz, 

CD2Cl2),  δ 9.22 (dd, J = 4.4, 1.8 Hz, 1H), 9.18 (dd, J = 4.3, 1.7 Hz, 1H), 8.83 (dd, J = 8.5, 1.1 Hz, 

1H), 8.71 (dd, J = 7.3, 1.1 Hz, 1H), 8.40 (d, J = 7.9 Hz, 1H), 8.36 – 8.30 (m, 1H), 8.04 (dd, J = 8.3, 

1.7 Hz, 1H), 7.95 – 7.86 (m, 2H), 7.71 (dd, J = 8.0, 4.4 Hz, 1H), 7.65 – 7.56 (m, 3H), 7.55 – 7.48 

(m, 3H), 7.36 (d, J = 7.9 Hz, 1H). 
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Synthesis of Re(PSNI-phen)(CO)3Cl. Pentacarbonylchlororhenium(I) (0.5 mmol, 181 mg) was 

added to one equivalent of PSNI-phen (0.5 mmol, 242 mg) and 20 mL of toluene in a 50 mL round 

bottom flask. The solution was degassed, put under N2, and refluxed while mixing for 1 hour. After 

cooling, the yellow precipitate was filtered out on a glass frit and washed with 200 mL of toluene. 

The yellow solid was dried under vacuum overnight and was obtained in 94% yield (369 mg). 1H 

NMR (400 MHz, CDCl3), δ 9.44 (ddd, J = 14.3, 5.1, 1.4 Hz, 2H), 8.84 (ddd, J = 8.5, 3.4, 1.1 Hz, 

1H), 8.75 (ddd, J = 12.0, 7.3, 1.1 Hz, 1H), 8.56 (dd, J = 8.2, 1.4 Hz, 1H), 8.43 (dd, J = 10.4, 8.0 

Hz, 1H), 8.28 (dd, J = 8.5, 1.3 Hz, 1H), 8.10 (s, 1H), 7.96 – 7.86 (m, 2H), 7.78 (dd, J = 8.4, 5.1 

Hz, 1H), 7.66 – 7.61 (m, 2H), 7.56 – 7.50 (m, 3H), 7.28 (dd, J = 8.0, 2.6 Hz, 1H). 

 

Synthesis of [Re(PSNI-phen)(CO)3(dmap)](PF6) (Re4). Re(PSNI-phen)(CO)3Cl (0.25 mmol, 197 

mg) and silver triflate (0.26 mmol, 67 mg) were added to 100 mL round bottom flask along with 

50 mL of absolute ethanol. The solution was covered (dark), deaerated, put under N2, and refluxed 

for 6 hours. Once cool, the solution was filtered through celite on a glass frit to remove AgCl from 

solution. The yellow filtrate was added to an excess of dimethylaminopyridine (2.5 mmol, 305 

mg) and the solution was then refluxed for an additional 5 hours. The solvent volume was reduced 

to approximately 10 mL, followed by a dropwise addition of an ammonium hexafluorophosphate 

solution in water (1.0 g in 10 mL) to precipitate the product. The solid was collected on a glass frit 

and washed with 250 mL of distilled water. The solid was recrystallized by dissolving in hot 

methanol and slowly precipitating the solid with a slow addition of ammonium 

hexafluorophosphate solution in water. The yellow solid was dried under vacuum overnight and 

was obtained in 96% yield (245 mg). 1H NMR (400 MHz, CD2Cl2), δ 9.57 (ddd, J = 12.6, 5.1, 1.4 
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Hz, 2H), 8.84 (ddd, J = 24.3, 8.5, 1.3 Hz, 2H), 8.70 (ddd, J = 16.3, 7.3, 1.1 Hz, 1H), 8.48 (dd, J = 

8.5, 1.3 Hz, 1H), 8.36 (dd, J = 15.7, 8.0 Hz, 1H), 8.23 (s, 1H), 8.16 (dd, J = 8.3, 5.2 Hz, 1H), 8.04 

(dd, J = 8.5, 5.1 Hz, 1H), 7.93 (ddd, J = 8.5, 7.4, 4.7 Hz, 1H), 7.67 – 7.62 (m, 4H), 7.56 – 7.52 (m, 

3H), 7.31 (dd, J = 8.0, 5.0 Hz, 1H), 6.26 (td, J = 5.5, 1.6 Hz, 2H), 2.91 (s, 3H), 2.89 (s, 3H). MS 

[HR-ESI (CH2Cl2) m/z] 874.1242 [M−PF6]
+, calcd (C40H27N5O5S

185Re) 874.1262. Anal. Calcd 

(found) for C40H27F6N5O5PReS: C, 47.06 (46.98); H, 2.67 (2.68); N, 6.86 (6.78). ATR-FTIR: 557, 

728, 751, 779, 838, 1234, 1363, 1585, 1626, 1671, 1709, 1905, 2028 cm-1. 

 
Figure A25. 1H NMR spectrum of [Re(PSNI-phen)(CO)3(dmap)](PF6) (Re4) in CD2Cl2 (400 

MHz). 

 

 
Figure A26. 1H NMR spectrum of [Re(PSNI-phen)(CO)3(dmap)](PF6) (Re4) in CD2Cl2 (400 

MHz) with zoomed in aromatic region. 
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Figure A27. 1H-1H COSY NMR spectrum of [Re(PSNI-phen)(CO)3(dmap)](PF6) (Re4) in 

CD2Cl2 (400 MHz). 
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Figure A28. HRMS of [Re(PSNI-phen)(CO)3(dmap)](PF6) (Re4). 

 

Synthesis of [Re(PNI-phen)(CO)3(dmap)](PF6) (Re5). Re(PNI-phen)(CO)3Cl (0.25 mmol, 191 

mg) and silver triflate (0.26 mmol, 67 mg) were added to 100 mL round bottom flask along with 

50 mL of absolute ethanol. The solution was covered (dark), deaerated, put under N2, and refluxed 

for 6 hours. Once cool, the solution was filtered through celite on a glass frit to remove AgCl from 

solution. The orange filtrate was added to an excess of dimethylaminopyridine (2.5 mmol, 305 

mg) and the solution was then refluxed for an additional 3 hours. The solvent volume was reduced 

to approximately 10 mL, followed by a dropwise addition of an ammonium hexafluorophosphate 

solution in water (1.0 g in 10 mL) to precipitate the product. The solid was collected on a glass frit 

and washed with 250 mL of distilled water. The solid was recrystallized by dissolving in hot 

methanol and slowly precipitating the solid with a slow addition of ammonium 
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hexafluorophosphate solution in water. The orange solid was dried under vacuum overnight and 

was obtained in 96% yield (240 mg). 1H NMR (400 MHz, CD2Cl2), δ 9.56 (ddd, J = 13.1, 5.1, 1.4 

Hz, 2H), 8.80 (dd, J = 8.3, 1.4 Hz, 1H), 8.66 – 8.44 (m, 4H), 8.22 (s, 1H), 8.14 (dd, J = 8.3, 5.2 

Hz, 1H), 8.02 (dd, J = 8.5, 5.1 Hz, 1H), 7.79 (ddd, J = 8.5, 7.3, 5.3 Hz, 1H), 7.64 (d, J = 7.4 Hz, 

2H), 7.27 (dd, J = 8.2, 6.1 Hz, 1H), 6.26 (d, J = 7.4 Hz, 2H), 3.36 (m, J = 5.4 Hz, 4H), 2.91 (s, 6H), 

1.92 (m, J = 10.7 Hz, 4H), 1.78 (m, 2H). MS [HR-ESI (CH2Cl2) m/z] 849.1945 [M−PF6]
+, calcd 

(C39H32N6O5
185Re) 849.1964. Anal. Calcd (found) for C39H32F6N6O5PRe·H2O: C, 46.20 (46.17); 

H, 3.38 (3.16); N, 8.29 (8.10). ATR-FTIR: 557, 781, 840, 1232, 1365, 1583, 1626, 1664, 1701, 

1909, 2028 cm-1. 

 

 
Figure A29. 1H NMR spectrum of [Re(PNI-phen)(CO)3(dmap)](PF6) (Re5) in CD2Cl2 (400 

MHz). 
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Figure A30. 1H NMR spectrum of [Re(PNI-phen)(CO)3(dmap)](PF6) (Re5) in CD2Cl2 (400 

MHz) with zoomed in aromatic region. 

 

 

 
Figure A31. 1H NMR spectrum of [Re(PNI-phen)(CO)3(dmap)](PF6) (Re5) in CD2Cl2 (400 

MHz) with zoomed in aliphatic region. 
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Figure A32. 1H-1H COSY NMR spectrum of [Re(PNI-phen)(CO)3(dmap)](PF6) (Re5) in 

CD2Cl2 (400 MHz). 



 

176 

 

 

 
Figure A33. HRMS of [Re(PNI-phen)(CO)3(dmap)](PF6) (Re5). 

 

Synthesis of [Re(phen)(CO)3(dmap)](PF6) (Re6). Re(phen)(CO)3Cl (0.25 mmol, 122 mg) and 

silver triflate (0.26 mmol, 67 mg) were added to 100 mL round bottom flask along with 50 mL of 

absolute ethanol. The solution was covered (dark), deaerated, put under N2, and refluxed for 6 

hours. Once cool, the solution was filtered through celite on a glass frit to remove AgCl from 

solution. The yellow filtrate was added to an excess of dimethylaminopyridine (2.5 mmol, 305 

mg) and the solution was then refluxed for an additional 3 hours. The solvent volume was reduced 

to approximately 10 mL, followed by a dropwise addition of an ammonium hexafluorophosphate 

solution in water (1.0 g in 10 mL) to precipitate the product. The solid was collected on a glass frit 

and washed with 250 mL of distilled water. The solid was recrystallized by dissolving in hot 

methanol and slowly precipitating the solid with a slow addition of ammonium 
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hexafluorophosphate solution in water. The orange solid was dried under vacuum overnight and 

was obtained in 83% yield (148 mg). 1H NMR (400 MHz, CD2Cl2), δ 9.51 (dd, J = 5.1, 1.4 Hz, 

2H), 8.79 (dd, J = 8.3, 1.4 Hz, 2H), 8.17 (s, 2H), 8.10 (dd, J = 8.3, 5.1 Hz, 2H), 7.53 (d, J = 7.4 Hz, 

2H), 6.19 (d, J = 7.4 Hz, 2H), 2.86 (s, 6H). MS [HR-ESI (CH2Cl2) m/z] 571.0909 [M−PF6]
+, calcd 

(C22H18N4O3
185Re) 571.0908. Anal. Calcd (found) for C22H18F6N4O3PRe·0.5H2O: C, 36.37 

(36.52); H, 2.64 (2.42); N, 7.71 (7.59). ATR-FTIR: 557, 724, 836, 1626, 1897, 1919, 2025 cm-1. 

 

 
Figure A34. 1H NMR spectrum of [Re(phen)(CO)3(dmap)](PF6) (Re6) in CD2Cl2 (400 MHz) 

with zoomed in aromatic region. 

 

 
Figure A35. 1H NMR spectrum of [Re(phen)(CO)3(dmap)](PF6) (Re6) in CD2Cl2 (400 MHz) 

with zoomed in aromatic region. 
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Figure A36. HRMS of [Re(phen)(CO)3(dmap)](PF6) (Re6). 
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Figure A37. ATR-FTIR spectra of NI, BrNI, PONI, PSNI, and PNI. 
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Figure A38. ATR-FTIR spectra of Re1-Re6. 
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A.2. Additional Optical Spectra 
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Figure A39. (a) Electronic spectra of NI, BrNI, PONI, PSNI, and PNI in THF. (b) Electronic 

spectra of Re1-Re6 in THF. 
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Figure A40. (a) Additive combination of electronic spectra between organic chromophore model 

and Re(I) model in ACN. (b) Electronic spectra of Re1-Re6 in ACN. 
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Figure A41. (a) Additive combination of electronic spectra between organic chromophore model 

and Re(I) model in THF. (b) Electronic spectra of Re1-Re6 in THF. 
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Figure A42. Photoluminescence spectra of NI, BrNI, PONI, PSNI, PNI, and Re1-Re6 in THF. 
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Figure A43. Excitation spectra of NI in ACN monitored at shortwave (left) and longwave (right) 

emission maxima.  
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Figure A44. Excitation spectra of BrNI in ACN monitored at shortwave (left) and longwave 

(right) emission maxima.  
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Figure A45. Photoluminescence decay of Re1 at 600 nm in ACN (left) and THF (right). Excited 

at 355 nm (3 mJ/pulse). 
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Figure A46. Photoluminescence decay of Re2 at 600 nm in ACN (left) and THF (right). Excited 

at 355 nm (3 mJ/pulse). 
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Figure A47. Photoluminescence Decay of Re3 at 600 nm in ACN (top) and 590 nm in THF 

(bottom). Excited at 355 nm (3 mJ/pulse). 
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Figure A48. Photoluminescence decay of Re6 at 600 nm in ACN (top) and THF (bottom). 

Excited at 410 nm (3 mJ/pulse). 
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Figure A49. Time-resolved photoluminescence emission spectra of Re1 (A), Re2 (B), Re3 (C), 

Re4 (D), and Re5 (E) at specified times after a 7 ns, 350 nm (Re1-Re3) and 400 nm (Re4 and 

Re5) laser pulse in deaerated ACN. 
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Figure A50. Time-resolved 77 K photoluminescence emission spectra of NI, BrNI, PONI, 

PSNI, and PNI at 25 ms after a 7 ns, 400 nm laser pulse in 2-methyl THF with 10% ethyl iodide. 
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A.3. Additional Transient Absorption Spectra 
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Figure A51. Excited-state absorption difference spectra of NI in ACN during short delay times 

(A) and long delay times (B) following 350 nm pulsed excitation (105 fs fwhm). 
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Figure A52. Excited-state absorption difference spectra of BrNI in ACN during short delay 

times (A) and long delay times (B) following 350 nm pulsed excitation (105 fs fwhm). 



 

193 

 

 

400 450 500 550 600 650 700 750

0.000

0.002

0.004

0.006

0.008


A

 510 fs

 1 ps

 3 ps

 5 ps

 15 ps

 100 ps

400 450 500 550 600 650 700 750

0.000

0.002

0.004

0.006

0.008

 100 ps

 500 ps

 1500 ps

 3000 ps

 6300 ps


A

Wavelength (nm)
 

Figure A53. Excited-state absorption difference spectra of Re1 in ACN during short delay times 

(A) and long delay times (B) following 400 nm pulsed excitation (105 fs fwhm). 
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Figure A54. Ultrafast transient absorption kinetic data of Re1 in ACN following 350 nm pulsed 

excitation. (A) Single wavelength kinetic analysis at 470 nm. (B) Single wavelength kinetic 

analysis at 370 nm. (C) Single wavelength kinetic analysis at 470 nm. 
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Figure A55. Global fit spectral analysis of ultrafast transient absorption data of Re(NI-

phen)(CO)3Cl in THF (A), Re1 in THF (B), and Re1 in ACN (C) following 350 nm pulsed 

excitation.  
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Figure A56. Excited-state absorption difference spectra of Re2 in ACN during short delay times 

(A) and long delay times (B) following 350 nm pulsed excitation (105 fs fwhm). 
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Figure A57. Ultrafast transient absorption kinetic data of Re2 in ACN following 350 nm pulsed 

excitation. (A) Single wavelength kinetic analysis at 485 nm. (B) Single wavelength kinetic 

analysis at 375 nm. (C) Single wavelength kinetic analysis at 485 nm. 
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Figure A58. Global fit spectral analysis of ultrafast transient absorption data Re(BrNI-

phen)(CO)3Cl in THF (A), Re2 in THF (B), and Re2 in ACN (C) following 350 nm pulsed 

excitation. 
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Figure A59. Excited-state absorption difference spectra of PONI in ACN during short delay 

times (A) and long delay times (B) following 350 nm pulsed excitation (105 fs fwhm). 

 



 

200 

 

 

 

Figure A60. Ultrafast transient absorption kinetic data of Re3 in ACN following 350 nm pulsed 

excitation. (A) Single wavelength kinetic analysis at 370 nm. (B) Single wavelength kinetic 

analysis at 425 nm. (C) Single wavelength kinetic analysis at 500 nm. (D) Single wavelength 

kinetic analysis at 475 nm. 
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Figure A61. Global fit spectral analysis of ultrafast transient absorption data of Re(PONI-

phen)(CO)3Cl in THF (A), Re3 in THF (B), and Re3 in ACN (C) following 350 nm pulsed 

excitation. 
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Figure A62. Excited-state absorption difference spectra of PSNI in ACN during short delay 

times (A) and long delay times (B) following 400 nm pulsed excitation (105 fs fwhm). 
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Figure A63. Ultrafast transient absorption kinetic data of Re4 in ACN following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 450 nm (A), 520 nm (B), and 615 (C) at short 

time after the laser pulse. Single wavelength kinetic analysis at 390 nm (D), 430 nm (E), and 650 

(F) at longer time after the laser pulse. 
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Figure A64. Global fit spectral analysis of ultrafast transient absorption data of Re(PSNI-

phen)(CO)3Cl in THF (A), Re4 in THF (B), and Re4 in ACN (C) following 400 nm pulsed 

excitation. 
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Figure A65. Excited-state absorption difference spectra of PNI in ACN during short delay times 

(A) and long delay times (B) following 400 nm pulsed excitation (105 fs fwhm). 
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Figure A66. Ultrafast transient absorption kinetic data of Re5 in ACN following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 425 nm (A) and 550 nm (B) at short time after 

the laser pulse. Single wavelength kinetic analysis at 415 nm (C) and 475 nm (D) at longer time 

after the laser pulse. 
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Figure A67. Global fit spectral analysis of ultrafast transient absorption data of Re(PNI-

phen)(CO)3Cl in THF (A), Re5 in THF (B), and Re5 in ACN (C) following 400 nm pulsed 

excitation. 
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Figure A68. Excited-state absorption difference spectra of Re6 in ACN following 400 nm 

pulsed excitation (105 fs fwhm). 
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Figure A69. Ultrafast transient absorption kinetic data of Re6 in ACN following 400 nm pulsed 

excitation. 
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Table A1. Summary of time constants from UFTA global fit analysis. 

Molecule Solvent τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ns) 

Re(NI-phen)(CO)3Cl THF 0.04 ± 0.05 0.37 ± 

0.06 

  

[Re(NI-phen)(CO)3(dmap)](PF6) 

THF 0.07 ± 0.03 0.42 ± 

0.05 

43.5 ± 6.8 4.4 ± 0.6 

ACN 0.40 ± 0.03  44.0 ± 6.5 5.4 ± 1.0 

Re(BrNI-phen)(CO)3Cl THF 0.36 ± 0.1    

[Re(BrNI-

phen)(CO)3(dmap)](PF6) 

THF  0.53 ± 

0.15 

28 ± 16 5.5 ± 3.5 

ACN 0.37 ± 0.02  51.1 ± 9.8 3.8 ± 0.5 

Re(PONI-phen)(CO)3Cl THF 0.64 ± 0.15   3.8 ± 4.0 

[Re(PONI-

phen)(CO)3(dmap)](PF6) 

THF  1.2 ± 0.2 27 ± 12 5.8 ± 1.5 

ACN 0.17 ± 0.04 1.6 ± 0.2 28.1 ± 5.2 5.4 ± 0.6 

Re(PSNI-phen)(CO)3Cl THF 0.12 ± 0.05 1.3 ± 0.3 30.3 ± 2.8 17.8 ± 17 

[Re(PSNI-

phen)(CO)3(dmap)](PF6) 

THF  1.8 ± 0.3 43.7 ± 4.4 3.1 ± 1.0 

ACN  2.4 ± 0.3 73.1 ± 4.3 2.9 ± 1.0 

Re(PNI-phen)(CO)3Cl THF 0.16 ± 0.05 2.4 ± 0.4 48.2 ± 0.9 9.2 ± 1.7 

[Re(PNI-

phen)(CO)3(dmap)](PF6) 

THF  49.8 ± 1.3 394 ± 62 3.9 ± 3.8 

ACN 0.51 ± 0.05 22.7 ± 4.9 66.2 ± 21 2.1 ± 0.4 



 

210 

 

 

 

 

 
Figure A70. Excited-state absorption difference spectra of NI (A), BrNI (B), PONI (C), and 

PSNI (D) in ACN following 350 nm pulsed excitation (3 mJ/pulse, 7 ns fwhm). 
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Figure A71. Transient absorption decay of NI in ACN. Excited at 355 nm (3 mJ/pulse). 
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Figure A72. Transient absorption decay of BrNI in ACN. Excited at 355 nm (3 mJ/pulse). 
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Figure A73. Transient absorption decay of PONI in ACN. Excited at 355 nm (3 mJ/pulse). 
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Figure A74. Transient absorption decay of PSNI in ACN. Excited at 355 nm (3 mJ/pulse). 
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Figure A75. Excited-state absorption difference spectra of Re1 (A), Re2 (B), Re3 (C), Re4 (D), 

and Re5 (E) in THF. Re1-3 were excited using a Continuum Minilite with 355 nm pulsed 

excitation (3.4 mJ/pulse, 5 ns fwhm). Re4-5 were excited using the OPOTEK with 410 nm 

pulsed excitation (3 mJ/pulse, 7 ns fwhm). 
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Figure A76. Transient absorption decay of Re1 in ACN (top) and THF (bottom). Excited at 355 

nm (3 mJ/pulse). 
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Figure A77. Transient absorption decay of Re2 in ACN (top) and THF (bottom). Excited at 355 

nm (3 mJ/pulse).  
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Figure A78. Transient absorption decay of Re3 in ACN (top) and THF (bottom). Excited at 355 

nm (3 mJ/pulse). 
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Figure A79. Transient absorption decay of Re4 in ACN (top) and THF (bottom). Excited at 410 

nm (3 mJ/pulse).  
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Figure A80. Transient absorption decay of Re5 in ACN (top) and THF (bottom). Excited at 410 

nm (3 mJ/pulse). 
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Figure A81. Transient absorption decay of Re6 in ACN (top) and THF (bottom). Excited at 410 

nm (3 mJ/pulse). 
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A.4. Additional DFT Results 

 

Table A2. Wavelength, energies, and oscillator strength (f) for selected S0Sn excitations as 

determined via TDDFT at the level of theory specified below. Experimental UV/Vis data 

obtained in acetonitrile at room temperature. 

Molecules 
λ

abs max
/nm, eV 

(ε/M
-1

cm
-1

) 

B3LYP/Def2-SVP 

S
0
S

1
/nm, eV (f) 

S
0
S

2
/nm, eV (f) 

M06/Def2-SVP 

S
0
S

1
/nm, eV (f) 

S
0
S

2
/nm, eV (f) 

CAM-

B3LYP/Def2-SVP 

S
0
S

1
/nm, eV (f) 

S
0
S

2
/nm, eV (f) 

NI 
332, 3.73 

(14200) 

342, 3.63 (0.0000) 

337, 3.68 (0.2827) 

334, 3.71 (0.2919) 

325, 3.81 (0.0001) 

304, 4.08 (0.3548) 

285, 4.35 (0.0536) 

BrNI 
340, 3.65 

(17100) 

353, 3.51 (0.1169) 

352, 3.52 (0.2273) 

348, 3.56 (0.3620) 

336, 3.69 (0.0011) 

314, 3.95 (0.4364) 

286, 4.34 (0.0417) 

PONI 
359, 3.45 

(15601) 

361, 3.43 (0.3693) 

334, 3.71 (0.0000) 

353, 3.51 (0.3891) 

318, 3.90 (0.0013) 

321, 3.86 (0.4912) 

281, 4.41 (0.0097) 

PSNI 
384, 3.23 

(14700) 

445, 2.79 (0.0696) 

355, 3.49 (0.0000) 

426, 2.91 (0.1021) 

339, 3.66 (0.2885) 

340, 3.65 (0.2164) 

302, 4.11 (0.2794) 

PNI 
407, 3.05 

(11300) 

423, 2.93 (0.3296) 

331, 3.75 (0.0001) 

403, 3.08 (0.3567) 

316, 3.92 (0.0013) 

359, 3.45 (0.4645) 

288, 4.31 (0.0107) 
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Table A3. Wavelength and energies for selected S0Tn excitations as determined via TDDFT at 

the level of theory specified below. Experimental photoluminescence data obtained in 2-

methyltetrahydrofuran at 77 K. 

Molecules 
λ

em
 /nm, eV 

(at 77 K) 

B3LYP/Def2-

SVP 

S
0
T

1
/nm, eV 

S
0
T

2
/nm, eV 

S
0
T

3
/nm, eV 

M06/Def2-SVP 

S
0
T

1
/nm, eV 

S
0
T

2
/nm, eV 

S
0
 T

n
/nm, eV 

CAM-B3LYP/Def2-

SVP 

S
0
T

1
/nm, eV 

S
0
T

2
/nm, eV 

S
0
T

n
/nm, eV 

NI 538, 2.30 

536, 2.31 

372, 3.33 

357, 3.47 

535, 2.32 

368, 3.37 

T
4
: 333, 3.72 

549, 2.26 

355, 3.49 

T
5
: 304, 4.08 

BrNI 553, 2.24 

554, 2.24 

368, 3.37 

365, 3.40 

556, 2.23 

365, 4.30 

T
5
: 347, 3.57 

567, 2.19 

355, 3.49 

T
5
: 307, 4.04 

PONI 547, 2.27 

546, 2.27 

361, 3.43 

350, 3.54 

536, 2.31 

356, 3.48 

T
6
: 325, 3.81 

550, 2.25 

355, 3.49 

T
6
: 299, 4.15 

PSNI 579, 2.14 

562, 2.21 

447, 2.77 

375, 3.31 

568, 2.18 

428, 2.90 

T
3
: 370, 3.35 

567, 2.19 

369, 3.36 

T
3
: 363, 3.42 

PNI 605, 2.05 

605, 2.05 

403, 3.08 

354, 3.50 

577, 2.15 

390, 3.18 

T
3
: 351, 3.53 

585, 2.12 

376, 3.30 

T
3
: 355, 3.49 
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Figure A82. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of NI 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Figure A83. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of BrNI 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 

 



 

224 

 

 

 
Figure A84. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of PONI 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Figure A85. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of PSNI 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Figure A86. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of PNI 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Table A4. Wavelength, energies, and oscillator strength (f) for selected S0Sn excitations as 

determined via TDDFT at the level of theory specified below. Experimental UV/Vis data 

obtained in acetonitrile at room temperature. 

Molecules 

λ
abs max

/nm, 

eV 

(ε/M
-1

cm
-1

) 

B3LYP/Def2-SVP 

S
0
S

1
/nm, eV (f) 

S
0
S

2
/nm, eV (f) 

S
0
S

n
/nm, eV (f) 

M06/Def2-SVP 

S
0
S

1
/nm, eV (f) 

S
0
S

2
/nm, eV (f) 

S
0
S

n
/nm, eV (f) 

CAM-

B3LYP/Def2-SVP 

S
0
S

1
/nm, eV (f) 

S
0
S

2
/nm, eV (f) 

S
0
S

n
/nm, eV (f) 

Re1 
334, 3.71 

(20400) 

449, 2.76 (0.0412) 

420, 2.95 (0.0056) 

S7: 359, 3.45 

(0.1384) 

415, 2.99 (0.0615) 

390, 3.44 (0.0013) 

S7: 341, 3.64 

(0.1967) 

339, 3.66 (0.1305) 

329, 3.77 (0.0021) 

S4: 306, 4.05 

(0.4089) 

Re2 
343, 3.61 

(23200) 

450, 2.76 (0.0424) 

423, 2.93 (0.0038) 

S7: 360, 3.44 

(0.2752) 

416, 2.98 (0.0646) 

391, 3.17 (0.0011) 

S7: 351, 3.53 

(0.4580) 

339, 3.66 (0.1437) 

330, 3.76 (0.0034) 

S3: 316, 3.92 

(0.5027) 

Re3 
364, 3.41 

(21600) 

448, 2.77 (0.0442) 

419, 2.96 (0.0054) 

S9: 365, 3.40 

(0.4800) 

415, 2.99 (0.0663) 

390, 3.44 (0.0020) 

S5: 357, 3.47 

(0.2083) 

339, 3.66 (0.1735) 

329, 3.77 (0.0060) 

S3: 324, 3.83 

(0.5314) 

Re4 
392, 3.16 

(20700) 

459, 2.70 (0.0946) 

450, 2.76 (0.0329) 

S11: 359, 3.45 

(0.1158) 

438, 2.83 (0.1282) 

415, 2.99 (0.0574) 

S10: 342, 3.63 

(0.4100) 

348, 3.56 (0.2763) 

339, 3.66 (0.0918) 

Re5 
415, 2.99 

(15800) 

461, 2.69 (0.0004) 

447, 2.77 (0.0666) 

S4: 430, 2.88 

(0.3384) 

414, 2.99 (0.1843) 

409, 3.03 (0.2391) 

365, 3.40 (0.5691) 

338, 3.67 (0.0901) 

Re6 
368, 3.37 

(3160) 

438, 2.83 (0.0359) 

402, 3.08 (0.0050) 

405, 3.06 (0.0536) 

383, 3.24 (0.0011) 

334, 3.71 (0.1037) 

325, 3.81 (0.0015) 
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Table A5. Wavelength and energies for selected S0Tn excitations as determined via TDDFT at 

the level of theory specified below. Experimental photoluminescence data obtained in 2-

methyltetrahydrofuran at 77 K. 

Molecules 
λ

em
 /nm, ev 

(at 77 K)[a] 

B3LYP/Def2-SVP 

S
0
T

1
/nm, eV 

S
0
T

2
/nm, eV 

M06/Def2-SVP 

S
0
T

1
/nm, eV 

S
0
T

2
/nm, eV 

CAM-

B3LYP/Def2-SVP 

S
0
T

1
/nm, eV 

S
0
T

2
/nm, eV 

Re1 
536, 2.31 

512, 2.42 

538, 2.30 

470, 2.64 

536, 2.31 

465, 2.67 

551, 2.25 

466, 2.66 

Re2 
555, 2.23 

516, 2.40 

557, 2.23 

471, 2.63 

557, 2.23 

464, 2.67 

568, 2.18 

466, 2.66 

Re3 
546, 2.27 

514, 2.41 

549, 2.26 

470, 2.64 

536, 2.31 

465, 2.67 

551, 2.25 

467, 2.65 

Re4 
577, 2.15 

516, 2.40 

570, 2.18 

471, 2.63 

573, 2.16 

465, 2.67 

570, 2.18 

466, 2.66 

Re5 
595, 2.08 

512, 2.42 

614, 2.02 

469, 2.64 

581, 2.13 

464, 2.67 

590, 2.10 

466, 2.66 

Re6 507, 2.45 459, 2.70 454, 2.73 460, 2.70 

[a] Two emission bands corresponding to the LC excited state localized on the NI 

chromophore (black) and MLCT excited state localized on the Re(I) chromophore (blue) were 

observed. 
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Figure A87. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of Re1 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Figure A88. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of Re2 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Figure A89. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of Re3 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 

 

 



 

232 

 

 

 

Figure A90. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of Re4 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Figure A91. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of Re5 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 

 

 

Figure A92. Natural transition orbitals for selected S0→Sn and S0→Tn excitations of Re6 

determined at the M06/Def2-SVP (left) and CAM-B3LYP/Def2-SVP (right) levels of theory; λ 

is the fraction of the hole–particle contribution to the excitation. 
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Appendix B 

B.1. Synthetic Details and Structural Characterization 

NNI-py.(NNI-py was prepared using the procedure from Kitchen and co-workers.1 4-nirtro-1,8-

naphthalic anhydride (3.005 g, 12.4 mmol), 4-aminopyridine (1.576 g, 16.7 mmol), and 3.36 mL 

of triethylamine were added to toluene (300 mL) and 3 Å sieves and refluxed for 3 days under an 

inert atmosphere. The resulting red/brown mixture was filtered hot through celite and was washed 

with warm toluene in 50 mL aliquots (repeated 4 times). The toluene was removed via rotary 

evaporation and then recrystallized using methanol. The solid was collected on a frit and was 

washed with methanol. The product was obtained in 44 % yield and used without further 

purification. 1H NMR (400 MHz, Methylene Chloride-d2) δ 8.88 (dt, J = 8.8, 1.0 Hz, 1H), 8.84 – 

8.80 (m, 2H), 8.77 (dt, J = 7.3, 1.0 Hz, 1H), 8.73 (dd, J = 8.0, 0.9 Hz, 1H), 8.44 (dd, J = 8.0, 0.9 

Hz, 1H), 8.09 – 8.02 (m, 1H), 7.36 – 7.29 (m, 2H). 
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Figure B1. 1H NMR spectrum of NNI-py in in CD2Cl2 (400 MHz). (A) Full spectrum and (B) 

Zoomed in aromatic region.  

 

PNI-py. NNI-py (1.999 g, 6.25 mmol) and piperidine (3.00 mL, 30.4 mmL) were refluxed in 

dimethylformamide (65 mL) under inert atmosphere for 2 hours. Once cool, the reaction mixture 

was transferred to a separatory funnel along with 200 mL of dichloromethane and washed 4 times 

with water. The organic layer was collected and the dichloromethane was reduced via rotary 

evaporation. Pentanes were uses to precipitate the red/orange solid out. The solid was then 

collected on a frit and washed with pentanes. The product was obtained in 84 % yield and used 

without further purification.  1H NMR (400 MHz, Methylene Chloride-d2) δ 8.84 – 8.70 (m, 2H), 

8.57 (dt, J = 7.0, 1.6 Hz, 1H), 8.53 – 8.43 (m, 2H), 7.80 – 7.67 (m, 1H), 7.29 (dt, J = 4.4, 1.6 Hz, 

2H), 7.24 (d, J = 8.2 Hz, 1H), 3.29 (t, J = 5.4 Hz, 4H), 1.90 (h, J = 5.8 Hz, 4H), 1.79 – 1.70 (m, 

A 

B 
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2H).

Figure B2. 1H NMR spectrum of PNI-py in in CD2Cl2 (400 MHz). 

fac-[Re(phen)(CO)3(PNI-py)](PF6) (Re1). fac- [Re(phen)(CO)3(PNI-py)](PF6) was prepared 

using a modified synthetic procedure from Langdon-Jones and co-workers.2 fac-Re(phen)(CO)3Cl 

(0.243 g, 0.50 mmol) and AgBF4 (0.096 g, 0.49 mmol) was refluxed in acetonitrile (30 mL) for 3-

4 hours under inert atmosphere and shielded from light. Once cool, the solution mixture was 

filtered through celite and washed with acetonitrile. The acetonitrile was removed via rotary 

evaporation and the crude yellow product was used without purification. PNI-py (0.214 g, 0.60 

mmol) was added to the crude product and refluxed in chloroform for 24 hours. Once cool, diethyl 

ether was added dropwise to the solution and the product was collected on a frit where it was 

washed with diethyl ether. The dried product was recrystallized using a methanol: acetone (1:1) 

mixture to dissolve the product and then precipitated out with concentrated NH4PF6 solution and 

water and collected on a frit. The product was then recrystallized with dichloromethane/hexanes 

as needed and was yellow in color. The product was obtained in 50 % yield.  1H NMR (400 MHz, 

Methylene Chloride-d2) δ 9.59 (dd, J = 5.1, 1.4 Hz, 2H), 8.84 (dd, J = 8.3, 1.4 Hz, 2H), 8.49 – 8.42 

(m, 2H), 8.41 – 8.34 (m, 3H), 8.22 (d, J = 1.6 Hz, 2H), 8.17 (dd, J = 8.3, 5.1 Hz, 2H), 7.68 – 7.66 

(t, J = 8.5 Hz, 1H), 7.35 – 7.30 (m, 2H), 7.18 – 7.16 (d, J = 8.1 Hz, 1H), 3.27 (t, J = 5.3 Hz, 4H), 

1.91 – 1.83 (m, 4H), 1.76 – 1.68 (m, 2H). 
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MS [HR-ESI (CH2Cl2) m/z] 806.1512 [M—PF6]+, calcd (C37H27N5O5
185Re) 806.1542. Anal. 

Calcd (found) for C37H27N5O5Re·2H2O: C, 44.94 (44.75); H, 3.16 (2.77); N, 7.08 (6.85).   

 
Figure B3. 1H NMR spectrum of fac-[Re(phen)(CO)3(PNI-py)](PF6) (Re1) in CD2Cl2 (400 MHz). 
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Figure B4. HRMS of fac-[Re(phen)(CO)3(PNI-py)](PF6) (Re1). 

 

fac- [Re(bcp)(CO)3(PNI-py)](PF6) (Re2). fac- [Re(bcp)(CO)3(PNI-py)](PF6) was prepared as 

Re1 but with fac-Re(bcp)(CO)3Cl (0.333 g, 0.50 mmol), AgBF4 (0.099 g, 0.51 mmol) and PNI-py 

(0.213 g, 0.60 mmol) to give a yellow solid with a yield of 47 %. 1H NMR (400 MHz, Methylene 

Chloride-d2) δ 8.51 (dd, J = 7.3, 1.2 Hz, 1H), 8.47 (d, J = 8.5 Hz, 1H), 8.42 (d, J = 8.3 Hz, 1H), 

8.17 (d, J = 6.3 Hz, 2H), 8.02 (s, 2H), 7.93 (s, 2H), 7.74 – 7.57 (m, 11H), 7.34 (d, J = 6.0 Hz, 2H), 

7.19 (d, J = 8.3 Hz, 1H), 3.36 (s, 6H), 3.28 (t, J = 5.4 Hz, 4H), 1.88 (q, J = 9.9, 7.7 Hz, 4H), 1.73 
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(p, J = 5.8 Hz, 2H). MS [HR-ESI (CH2Cl2) m/z] 986.2449 [M—PF6]+, calcd (C51H39N5O5
185Re) 

986.2481. Anal. Calcd (found) for C51H39N5O5Re·0.75H2O: C, 53.42 (53.25); H, 3.56 (3.50); N, 

6.11 (6.08).  

 
Figure B5. 1H NMR spectrum of fac-[Re(bcp)(CO)3(PNI-py)](PF6) (Re2) in CD2Cl2 (400 MHz). 

Due to overlapping signals from the 10 protons of the phenyl rings on the bcp ligand and the single 

proton on the naphthalene ring in PNI that yields a triplet at 7.74-7.57 ppm, the program integrated 

that region to 12 when it should be 11.   
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Figure B6. HRMS of fac-[Re(bcp)(CO)3(PNI-py)](PF6) (Re2). 

 

fac- [Re(dtbb)(CO)3(PNI-py)](PF6) (Re3). fac- [Re(dtbb)(CO)3(PNI-py)](PF6) was prepared as 

Re1 but with fac-Re(dtbb)(CO)3Cl (0.276 g, 0.48 mmol), AgBF4 (0.093 g, 0.485 mmol) and PNI-

py (0.174 g, 0.49 mmol) to give a yellow solid with a yield of 30 %. 1H NMR (400 MHz, Methylene 

Chloride-d2) δ 9.08 – 9.04 (m, 2H), 8.51 (dd, J = 7.4, 1.3 Hz, 1H), 8.49 – 8.45 (m, 1H), 8.43 (d, J 

= 8.2 Hz, 1H), 8.37 (d, J = 6.8 Hz, 2H), 8.26 (d, J = 1.9 Hz, 2H), 7.76 (dd, J = 5.9, 2.0 Hz, 2H), 

7.70 (dd, J = 8.5, 7.3 Hz, 1H), 7.45 – 7.41 (m, 2H), 7.19 (d, J = 8.3 Hz, 1H), 3.31 – 3.26 (m, 4H), 

1.92 – 1.84 (m, 4H), 1.77 – 1.71 (m, 1H), 1.48 (s, 19H). MS [HR-ESI (CH2Cl2) m/z] 894.2766 
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[M—PF6]+, calcd (C43H43N5O5
185Re) 894.2794. Anal. Calcd (found) for C43H43N5O5Re·H2O: C, 

48.77 (48.54); H, 4.28 (4.15); N, 6.61 (6.66). 

 
Figure B7. 1H NMR spectrum of fac-[Re(dtbb)(CO)3(PNI-py)](PF6) (Re3) in CD2Cl2 (400 MHz). 
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Figure B8. HRMS of fac-[Re(dtbb)(CO)3(PNI-py)](PF6) (Re3). 

 

fac- [Re(deeb)(CO)3(PNI-py)](PF6) (Re4). fac- [Re(deeb)(CO)3(PNI-py)](PF6) was prepared as 

Re1 but with fac-Re(deeb)(CO)3Cl (0.303 g, 0.50 mmol), AgBF4 (0.099 g, 0.51 mmol) and PNI-

py (0.215 g, 0.60 mmol) to give a yellow-orange solid with a yield of 40 %. 1H NMR (400 MHz, 

Methylene Chloride-d2) δ 9.39 (d, J = 5.6 Hz, 2H), 8.98 (s, 2H), 8.54 – 8.39 (m, 3H), 8.34 (t, J = 

5.8 Hz, 4H), 7.70 (t, J = 7.8 Hz, 1H), 7.44 (d, J = 6.0 Hz, 2H), 7.19 (d, J = 8.2 Hz, 1H), 4.56 (q, J 

= 7.1 Hz, 4H), 3.29 (t, J = 5.4 Hz, 4H), 1.88 (m, 4H), 1.76 – 1.67 (m, 2H), 1.50 – 1.46 (m, 6H).  
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MS [HR-ESI (CH2Cl2) m/z] 926.1930 [M—PF6]+, calcd (C41H35N5O9
185Re) 926.1964. Anal. 

Calcd (found) for C41H35N5O9Re·3.1H2O: C, 43.63 (43.46); H, 3.68 (3.34); N, 6.20 (5.99).  

 
Figure B9. 1H NMR spectrum of fac-[Re(deeb)(CO)3(PNI-py)](PF6) (Re4) in CD2Cl2 (400 MHz). 
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Figure B10. HRMS of fac-[Re(deeb)(CO)3(PNI-py)](PF6) (Re4). 

 

fac- [Re(biq)(CO)3(PNI-py)](PF6) (Re5). fac- [Re(biq)(CO)3(PNI-py)](PF6) was prepared as Re1 

but with fac-Re(biq)(CO)3Cl (0.278 g, 0.49 mmol), AgBF4 (0.100 g, 0.51 mmol) and PNI-py 

(0.213 g, 0.60 mmol) to give an orange solid with a yield of 40 %. 1H NMR (400 MHz, Methylene 

Chloride-d2) δ 9.00 – 8.95 (m, 2H), 8.85 (d, J = 8.6 Hz, 2H), 8.53 – 8.48 (m, 2H), 8.48 – 8.43 (m, 

2H), 8.40 (dd, J = 8.3, 1.4 Hz, 1H), 8.26 – 8.18 (m, 4H), 8.01 – 7.96 (m, 2H), 7.69 (dd, J = 8.5, 

7.3 Hz, 1H), 7.47 (dd, J = 6.8, 1.5 Hz, 2H), 7.18 (d, J = 8.3 Hz, 1H), 7.12 (dd, J = 6.8, 1.4 Hz, 2H), 

3.30 – 3.24 (m, 4H), 1.91 – 1.82 (m, 4H), 1.76 – 1.68 (m, 2H). MS [HR-ESI (CH2Cl2) m/z] 
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882.1825 [M—PF6]+, calcd (C43H31N5O5
185Re) 882.1855. Anal. Calcd (found) for 

C43H31N5O5Re·3.5H2O: C, 47.30 (47.13); H, 3.51 (2.95); N, 6.41 (6.34).  

 
Figure B11. 1H NMR spectrum of fac-[Re(biq)(CO)3(PNI-py)](PF6) (Re5) in CD2Cl2 (400 MHz). 
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Figure B12. HRMS of fac-[Re(biq)(CO)3(PNI-py)](PF6) (Re5). 

 

fac- [Re(phen)(CO)3(4-etpy)](PF6) (Mod1). fac- [Re(phen)(CO)3(4-etpy)](PF6) was prepared as 

Re1 but with fac-Re(phen)(CO)3Cl (0.243 g, 0.50 mmol), AgBF4 (0.101 g, 0.52 mmol) and 4-etpy 

(0.50 mL, 4.40 mmol). For initial precipitation of the solid from the chloroform solution, the 

solution was added dropwise to cold, stirring pentanes and filtered in small amounts to prevent the 

product to sticking to the beaker, flask, or wall of frit. All other precipitations, including the 

metathesis reaction from the BF4
− anion to the PF6

− anion are as stated in the synthesis for Re1. 

The final pale yellow solid was collected on a frit with a yield of 81 %. 1H NMR (400 MHz, 

Methylene Chloride-d2) δ 9.55 (dd, J = 5.1, 1.4 Hz, 2H), 8.80 (dd, J = 8.3, 1.4 Hz, 2H), 8.19 – 8.11 
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(m, 4H), 8.02 (d, J = 5.9 Hz, 2H), 7.04 (d, J = 6.0 Hz, 2H), 2.53 (q, J = 7.6 Hz, 2H), 1.08 (t, J = 

7.6 Hz, 3H). MS [HR-ESI (CH2Cl2) m/z] 556.0785 [M—PF6]+, calcd (C22H17N3O3
185Re) 

556.0785. Anal. Calcd (found) for C22H17N3O3Re: C, 37.61 (37.60); H, 2.44 (2.42); N, 5.98 (5.87).  

 
Figure B13. 1H NMR spectrum of fac-[Re(phen)(CO)3(4-etpy)](PF6) (Mod1) in CD2Cl2 (400 

MHz). 
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Figure B14. HRMS of fac-[Re(phen)(CO)3(4-etpy)](PF6) (Mod1). 

 

fac- [Re(bcp)(CO)3(4-etpy)](PF6) (Mod2). fac- [Re(bcp)(CO)3(4-etpy)](PF6) was prepared as 

Mod1 but with fac-Re(bcp)(CO)3Cl (0.333 g, 0.50 mmol), AgBF4 (0.105 g, 0.54 mmol) and 4-

etpy (0.50 mL, 4.40 mmol). The final pale yellow solid collected had a yield of 42 %. 1H NMR 

(400 MHz, Methylene Chloride-d2) δ 7.97 (d, J = 0.5 Hz, 2H), 7.90 (s, 2H), 7.85 (d, J = 5.8 Hz, 

2H), 7.65 – 7.61 (m, 6H), 7.59 – 7.55 (m, 4H), 7.09 (d, J = 6.1 Hz, 2H), 3.31 (s, 6H), 2.59 (q, J = 

7.5 Hz, 2H), 1.14 (t, J = 7.6 Hz, 3H). MS [HR-ESI (CH2Cl2) m/z] 736.1738 [M—PF6]+, calcd 
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(C36H29N3O3
185Re) 736.1738. Anal. Calcd (found) for C36H29N3O3Re: C, 48.98 (48.70); H, 3.31 

(3.38); N, 4.76 (4.67).  

 
Figure B15. 1H NMR spectrum of fac-[Re(bcp)(CO)3(4-etpy)](PF6) (Mod2) in CD2Cl2 (400 

MHz). 
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Figure B16. HRMS of fac-[Re(bcp)(CO)3(4-etpy)](PF6) (Mod2). 

 

fac- [Re(dtbb)(CO)3(4-etpy)](PF6) (Mod3). fac- [Re(dtbb)(CO)3(4-etpy)](PF6) was prepared as 

Mod1 but with fac-Re(dtbb)(CO)3Cl (0.285 g, 0.50 mmol), AgBF4 (0.099 g, 0.51 mmol) and 4-

etpy (0.50 mL, 4.40 mmol). The final pale yellow solid collected had a yield of 40 %. 1H NMR 

(400 MHz, Methylene Chloride-d2) δ 9.03 – 8.98 (m, 2H), 8.20 (d, J = 2.0 Hz, 2H), 8.04 – 7.99 

(m, 2H), 7.75 – 7.70 (m, 2H), 7.16 (d, J = 5.7 Hz, 2H), 2.66 – 2.58 (m, 2H), 1.46 (m, 18H), 1.16 

(td, J = 7.6, 3.0 Hz, 3H). MS [HR-ESI (CH2Cl2) m/z] 644.2036 [M—PF6]+, calcd 
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(C28H33N3O3
185Re) 644.2051. Anal. Calcd (found) for C28H33N3O3Re: C, 42.53 (42.31); H, 4.21 

(4.22); N, 5.31 (5.27).  

 
Figure B17. 1H NMR spectrum of fac-[Re(dtbb)(CO)3(4-etpy)](PF6) (Mod3) in CD2Cl2 (400 

MHz). 
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Figure B18. HRMS of fac-[Re(dtbb)(CO)3(4-etpy)](PF6) (Mod3). 

 

fac- [Re(deeb)(CO)3(4-etpy)](PF6) (Mod4). fac- [Re(deeb)(CO)3(4-etpy)](PF6) was prepared as 

Mod1 but with fac-Re(deeb)(CO)3Cl (0.333 g, 0.50 mmol), AgBF4 (0.105 g, 0.54 mmol) and 4-

etpy (0.50 mL, 4.40 mmol). The final yellow solid collected had a yield of 42 %. 1H NMR (400 

MHz, Methylene Chloride-d2) δ 9.34 (dd, J = 5.6, 0.8 Hz, 2H), 8.90 (d, J = 1.6 Hz, 2H), 8.31 (dd, 

J = 5.7, 1.6 Hz, 2H), 7.98 (d, J = 6.6 Hz, 2H), 7.15 (d, J = 6.0 Hz, 2H), 4.57 – 4.52 (m, 4H), 2.60 

(q, J = 7.5 Hz, 2H), 1.47 (t, J = 7.1 Hz, 6H), 1.14 (t, J = 7.5 Hz, 3H). MS [HR-ESI (CH2Cl2) m/z] 
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676.1208 [M—PF6]+, calcd (C26H25N3O7
185Re) 676.1222. Anal. Calcd (found) for 

C26H25N3O7Re·2.5H2O: C, 35.99 (25.67); H, 3.49 (2.79); N, 4.84 (4.73).  

 
Figure B19. 1H NMR spectrum of fac-[Re(deeb)(CO)3(4-etpy)](PF6) (Mod4) in CD2Cl2 (400 

MHz). 
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Figure B20. HRMS of fac-[Re(deeb)(CO)3(4-etpy)](PF6) (Mod4). 

 

fac- [Re(biq)(CO)3(4-etpy)](PF6) (Mod5). fac- [Re(biq)(CO)3(4-etpy)](PF6) was prepared as 

Mod1 but with fac-Re(biq)(CO)3Cl (0.164 g, 0.29 mmol), AgBF4 (0.063 g, 0.32 mmol) and 4-etpy 

(0.50 mL, 4.40 mmol). The final orange solid collected had a yield of 54 %. 1H NMR (400 MHz, 

Methylene Chloride-d2) δ 8.95 (d, J = 9.0 Hz, 2H), 8.79 (d, J = 8.7 Hz, 2H), 8.40 (d, J = 8.7 Hz, 

2H), 8.20 (m, 4H), 8.00 – 7.93 (m, 2H), 7.09 (d, J = 5.8 Hz, 2H), 6.83 (d, J = 5.8 Hz, 2H), 2.53 (q, 

J = 7.5 Hz, 2H), 1.08 (t, J = 7.6 Hz, 3H). MS [HR-ESI (CH2Cl2) m/z] 632.1099 [M—PF6]+, calcd 
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(C28H21N3O3
185Re) 632.1112. Anal. Calcd (found) for C28H21N3O3Re·1.75H2O: C, 41.51 (41.01); 

H, 3.05 (2.47); N, 5.19 (5.02).  

 
Figure B21. 1H NMR spectrum of fac-[Re(biq)(CO)3(4-etpy)](PF6) (Mod5) in CD2Cl2 (400 

MHz). 
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Figure B22. HRMS of fac-[Re(biq)(CO)3(4-etpy)](PF6) (Mod5). 
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Figure B23. ATR-FTIR spectra of Re1-5, Mod1-5, and PNI-py overlaid. 

 

Table B1. Reduction potentials of Mod1-5 obtained from DPV experiments using a platinum 

disk as the working electrode, a platinum wire as the counter electrode, and Ag/AgNO3 as the 

reference electrode.  

 

 Reduction Potential 

(eV) 

Mod1 -1.34 

Mod2 -1.37 

Mod3 -1.42 

Mod4 -0.94 

Mod5 -0.88 
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B.2. Electronic Structure Calculations 

 

Optimized Singlet Geometries of Re1-5 and Mod1-5 (Table B2): 

Optimized Geometry of Re1: 

 

 C                 -3.73529235    2.98240126   -2.69194018 

 C                 -3.53191834    3.90423533   -1.68696611 

 C                 -3.57911634    3.48542329   -0.34194901 

 C                 -3.82206736    2.11740220   -0.09450099 

 C                 -3.96855437    1.64205116   -2.35343216 

 C                 -3.40783033    4.37892236    0.76445807 

 C                 -3.91953536    1.64580016    1.25537710 

 C                 -3.77401936    2.55341123    2.32647118 

 C                 -3.50197133    3.93145533    2.04603716 

 C                 -3.92064737    2.04512119    3.63308227 

 H                 -3.81432636    2.71926724    4.48810733 

 C                 -4.20755739    0.70848810    3.81303829 

 C                 -4.33144239   -0.12162096    2.68992621 

 H                 -3.20907331    5.43345345    0.55375305 

 H                 -3.71843235    3.27356828   -3.74383426 

 H                 -3.34358732    4.95706840   -1.91678713 

 H                 -4.13419638    0.89244711   -3.13469121 

 H                 -3.38113233    4.61843238    2.88831522 

 H                 -4.34044639    0.28353407    4.80971836 

 H                 -4.55973941   -1.18630404    2.80848221 

 N                 -4.00229637    1.21397513   -1.09476607 

 N                 -4.18357839    0.32545707    1.44629912 

 Re                -4.25901839   -0.87811102   -0.41218402 

 C                 -6.19570852   -0.79460501   -0.51687002 

 O                 -7.34276159   -0.73018901   -0.57367303 

 C                 -4.37200240   -2.61717914    0.42674804 

 C                 -4.19412439   -1.71494708   -2.15408214 

 O                 -4.12577138   -2.15550711   -3.21693422 

 O                 -4.41601740   -3.62420421    0.98520008 

 C                 -1.39322118   -1.20679804    0.88546108 

 C                 -1.24998217   -0.45770099   -1.28096908 

 C                 -0.01784708   -1.17344304    1.03866109 

 H                 -2.02410723   -1.54429907    1.71397314 

 C                  0.13049193   -0.39658498   -1.21789108 

 H                 -1.76396521   -0.19369597   -2.21063515 

 C                  0.77361297   -0.75309901   -0.03132599 

 H                  0.42981095   -1.47941306    1.98412315 

 H                  0.70001097   -0.07441696   -2.08987614 

 N                 -2.01913023   -0.84723502   -0.24873501 

 N                  2.18251408   -0.69236300    0.07436102 

 C                  2.85438212   -1.84873809    0.55840305 
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 C                  2.81089712    0.53572208   -0.29706801 

 O                  2.22418207   -2.83183616    0.87228808 

 O                  2.13132107    1.47506615   -0.64983003 

 C                  6.34499138    1.77106517   -0.49819602 

 C                  7.10704641    0.65307109   -0.15012800 

 C                  6.41785538   -0.53608499    0.28942403 

 C                  4.99711328   -0.58139699    0.22471003 

 C                  4.26715822    0.55454809   -0.20411800 

 C                  4.95099828    1.71665517   -0.52870603 

 H                  8.17472448   -1.57156707    1.01374108 

 H                  6.84301241    2.68965624   -0.81417704 

 C                  7.09478945   -1.63854707    0.86073507 

 C                  4.32063623   -1.75709308    0.63211406 

 H                  4.37015823    2.58697123   -0.84733505 

 C                  5.02402628   -2.84162316    1.12926110 

 C                  6.41704436   -2.77082016    1.26646010 

 H                  4.46491024   -3.73021122    1.43458412 

 H                  6.96441843   -3.60564822    1.71055413 

 C                  9.18280158   -0.29292998   -1.05165606 

 C                  9.17893959    1.95257018   -0.13555800 

 C                 10.59858367   -0.54249599   -0.57318903 

 H                  9.21323256    0.12328505   -2.08391214 

 H                  8.60250153   -1.22447704   -1.11321607 

 C                 10.60193167    1.76720117    0.36463704 

 H                  9.19477660    2.43172022   -1.14162807 

 H                  8.62435454    2.62515923    0.53780905 

 C                 11.36500775    0.76813610   -0.48912902 

 H                 11.09588974   -1.25177804   -1.25512608 

 H                 10.56806469   -1.02348003    0.42315204 

 H                 11.10972269    2.74547224    0.38251704 

 H                 10.56186469    1.40865715    1.40975112 

 H                 12.38047582    0.60794909   -0.09241299 

 H                 11.49103676    1.17909013   -1.50975810 

 N                  8.48905952    0.67065309   -0.18741300 

 

Optimized Geometry of Re2: 

 

C                 -2.58501525    3.70476417    0.43531398 

 C                 -1.54602317    3.23567014    1.21872803 

 C                 -1.55974017    1.84901804    1.55439006 

 C                 -2.55569825    1.04036699    0.96612502 

 C                 -3.54758532    2.84298112   -0.12143806 

 C                 -0.66069611    1.26503900    2.49657613 

 C                 -2.64090825   -0.35276812    1.31098805 

 C                 -1.73117319   -0.90085916    2.24075611 

 C                 -0.74483312   -0.05171109    2.82789115 
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 C                 -1.88560820   -2.27580925    2.58747814 

 C                 -2.98763228   -2.93718230    2.07787310 

 C                 -3.85886634   -2.33063626    1.15383503 

 H                  0.08075594    1.90445005    2.97987916 

 H                 -2.63883525    4.76943225    0.18966296 

 H                 -0.07429007   -0.46838112    3.58232421 

 H                 -3.16703529   -3.98096238    2.35196812 

 Re                -4.41589338   -0.10729510   -1.12999213 

 N                 -3.64104533   -1.08162417    0.72888500 

 N                 -3.48518531    1.52317102    0.08705596 

 C                 -6.21362450    0.16913592   -0.47083808 

 O                 -7.28052759    0.33571493   -0.06913806 

 C                 -4.81821941    0.87460897   -2.74189425 

 O                 -5.02786342    1.45665502   -3.71576832 

 C                 -4.98117942   -1.66821421   -2.11290320 

 O                 -5.28954844   -2.60538428   -2.71131024 

 C                 -0.49906910    4.16222721    1.68741907 

 C                  0.85932000    3.85599719    1.51063106 

 C                 -0.85655112    5.38991328    2.26213111 

 C                  1.83292507    4.76858925    1.90583909 

 H                  1.15255202    2.91285412    1.03553303 

 C                  0.12308795    6.28933336    2.66949914 

 H                 -1.91433320    5.62882331    2.41340412 

 C                  1.46999805    5.98100633    2.48955213 

 H                  2.88916014    4.53198724    1.74952707 

 H                 -0.16702707    7.23683644    3.13116717 

 H                  2.24003510    6.69088740    2.80359515 

 C                 -0.93610313   -2.98990531    3.46195320 

 C                  0.44167897   -2.96387730    3.19842618 

 C                 -1.40769317   -3.75481436    4.53724427 

 C                  1.32391303   -3.68602036    3.99513324 

 H                  0.81937999   -2.39249527    2.34335612 

 C                 -0.52081810   -4.46386441    5.34120833 

 H                 -2.47989724   -3.77229036    4.75786429 

 C                  0.84547500   -4.43246641    5.07069831 

 H                  2.39409711   -3.67008636    3.77201422 

 H                 -0.89978813   -5.04452745    6.18631742 

 H                  1.54111105   -4.99436345    5.69962236 

 C                 -4.61474539    3.41791416   -0.98819712 

 H                 -4.32284738    3.39948115   -2.05214220 

 H                 -5.55921544    2.86394411   -0.89381511 

 H                 -4.79513741    4.46979623   -0.72591910 

 C                 -5.00571242   -3.11845131    0.62019299 

 H                 -5.88159647   -2.48316727    0.42696998 

 H                 -4.74401040   -3.62036735   -0.32690807 

 H                 -5.29191447   -3.90692537    1.33019405 
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 C                  2.62186113   -1.59721720   -2.33179822 

 C                  4.08612523   -1.61552921   -2.18977221 

 C                  4.74081128   -0.72009414   -1.30889514 

 C                  3.98907122    0.16644392   -0.49724409 

 C                  2.53454012    0.22855393   -0.58514709 

 C                  4.80798028   -2.54360627   -2.92145126 

 C                  6.16030640   -0.75008514   -1.21237914 

 C                  6.85569145   -1.75326722   -1.92686419 

 C                  6.19860137   -2.62799628   -2.76890125 

 C                  6.82883142    0.17934792   -0.33298007 

 C                  6.04482738    0.98398698    0.49963799 

 C                  4.65315727    0.97740698    0.41187898 

 H                  4.05928823    1.64634103    1.04150702 

 H                  6.52548940    1.68023803    1.18924404 

 H                  4.26456024   -3.21804832   -3.58880731 

 H                  6.76037943   -3.39744334   -3.30376529 

 C                  8.93499359    0.55251095   -1.54250216 

 C                  8.87335556    0.76988297    0.87316401 

 C                 10.34714970    0.00432791   -1.51006616 

 H                  8.97530457    1.66033703   -1.64338317 

 H                  8.37275652    0.18544192   -2.41254022 

 C                 10.29228365    0.23433193    0.97111702 

 H                  8.89342058    1.88341405    0.83877501 

 H                  8.29778952    0.48047994    1.76652408 

 C                 11.08715873    0.52921195   -0.28994407 

 H                 10.86808073    0.28058193   -2.44151323 

 H                 10.31002469   -1.10138117   -1.47951116 

 H                 10.78078373    0.66591096    1.86006608 

 H                 10.24362369   -0.85838815    1.13244103 

 H                 12.09910481    0.09819992   -0.22515607 

 H                 11.22133073    1.62373103   -0.39172708 

 N                  8.20815054    0.23247193   -0.30640507 

 N                  1.93460308   -0.64362114   -1.53221316 

 C                  0.52350497   -0.58152113   -1.65712017 

 C                 -0.27063008   -1.71259721   -1.47254015 

 C                 -0.10503007    0.62342296   -1.97038919 

 C                 -1.64819418   -1.57223920   -1.51587416 

 H                  0.17443495   -2.68968228   -1.28073014 

 C                 -1.48732617    0.67051296   -1.99549519 

 H                  0.47734197    1.52382602   -2.17211321 

 H                 -2.29360223   -2.44094227   -1.34717015 

 H                 -2.00202220    1.61070103   -2.22031321 

 N                 -2.26051123   -0.39403212   -1.72043617 

 O                  1.83331207    0.95475698    0.09288096 

 O                  2.00333408   -2.32347126   -3.07339727 

 H                  7.93317750   -1.85648223   -1.77765218 
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Optimized Geometry of Re3: 

 

C                 -2.53379928    1.99184210   -3.14124318 

 C                 -2.04942525    2.89405617   -2.19008612 

 C                 -2.34471227    2.59866314   -0.85278302 

 C                 -3.03954832    1.44671207   -0.50614199 

 C                 -3.21084533    0.85104702   -2.73291315 

 C                 -3.39746335    1.10501104    0.88564111 

 C                 -3.23616233    1.98251410    1.95191518 

 C                 -3.63407636    1.63178308    3.24810428 

 C                 -4.19991940    0.36222799    3.39799529 

 C                 -4.33110741   -0.47212707    2.29730421 

 H                 -2.37878527    2.14993511   -4.20952826 

 H                 -3.57384536    0.12769397   -3.47072321 

 H                 -4.54945542    0.00282396    4.36693036 

 H                 -4.77210845   -1.46855914    2.40565422 

 Re                -4.04720839   -1.43049014   -0.70529400 

 N                 -3.93673438   -0.12387205    1.06631912 

 N                 -3.43781535    0.55740300   -1.44773606 

 C                 -5.95232053   -1.13751112   -0.91410602 

 O                 -7.08156160   -0.94853011   -1.02990003 

 C                 -4.00193639   -2.37804921   -2.38944913 

 O                 -3.93850238   -2.88780425   -3.42229920 

 C                 -4.38656842   -3.09666526    0.21730106 

 O                 -4.56467643   -4.05797433    0.82816510 

 H                 -2.80752930    2.97027317    1.76886117 

 H                 -2.00809024    3.27490920   -0.06423596 

 C                 -3.45832435    2.61118115    4.39868536 

 C                 -1.97301624    2.96508917    4.52915437 

 C                 -4.27117841    3.87547924    4.09782234 

 C                 -3.93876638    2.02455411    5.72181648 

 H                 -1.36432220    2.06841011    4.73310838 

 H                 -1.57311321    3.45020321    3.62403230 

 H                 -1.82927423    3.66687623    5.36682342 

 H                 -5.34333848    3.64439522    3.98512433 

 H                 -4.16643740    4.59243429    4.92843540 

 H                 -3.93478138    4.38464428    3.18011627 

 H                 -3.79087837    2.76109116    6.52704153 

 H                 -5.01332346    1.77839009    5.70125747 

 H                 -3.37699134    1.11804404    6.00255750 

 C                 -1.25621219    4.14132626   -2.54621114 

 C                 -2.08742625    5.37290335   -2.16827711 

 C                  0.06152490    4.13861826   -1.76296508 

 C                 -0.93913217    4.20248126   -4.03673324 

 H                 -3.04301932    5.39578434   -2.71796215 
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 H                 -2.31448227    5.41086034   -1.09034804 

 H                 -1.53080721    6.29032742   -2.42085713 

 H                  0.65441695    3.23086519   -1.96288210 

 H                  0.66595295    5.01309732   -2.05417911 

 H                 -0.09496011    4.20372026   -0.67412400 

 H                 -0.35245513    5.10929733   -4.25174926 

 H                 -0.33917112    3.33784420   -4.36642827 

 H                 -1.85017923    4.25436227   -4.65557129 

 C                  3.03405812   -2.21653020    0.83207110 

 C                  4.48756422   -2.03313319    0.96620211 

 C                  5.13547727   -0.91575911    0.38557807 

 C                  4.38277222    0.08505897   -0.27770898 

 C                  2.93608611   -0.02667404   -0.43470699 

 C                  5.20619427   -2.97102226    1.68864117 

 C                  6.54690737   -0.78495010    0.51076908 

 C                  7.23562743   -1.72830017    1.30840514 

 C                  6.58418336   -2.80229724    1.88112818 

 C                  7.20944342    0.33872798   -0.10648796 

 C                  6.42124936    1.33407405   -0.69003600 

 C                  5.03486426    1.20316705   -0.77584101 

 H                  4.43757022    1.97064610   -1.27624005 

 H                  6.89643841    2.20422812   -1.14663704 

 H                  4.66903124   -3.81885432    2.12224220 

 H                  7.13968839   -3.51257629    2.49813123 

 C                  9.37137157   -0.64874809   -0.71472801 

 C                  9.21975154    1.72484208   -0.23894497 

 C                 10.76746170   -0.72982509   -0.13149797 

 H                  9.44180157   -0.43040707   -1.80420409 

 H                  8.83596151   -1.60469316   -0.62716900 

 C                 10.61927164    1.71072308    0.35288407 

 H                  9.27057759    2.00932510   -1.31525905 

 H                  8.60049753    2.48053914    0.26977806 

 C                 11.47088675    0.61195900   -0.26078597 

 H                 11.33205572   -1.52669815   -0.64294600 

 H                 10.70157569   -1.01759811    0.93519011 

 H                 11.08263369    2.70066816    0.20977206 

 H                 10.53666268    1.55126307    1.44383515 

 H                 12.46868379    0.58222500    0.20577906 

 H                 11.63560973    0.83168602   -1.33363005 

 N                  8.58904354    0.42115299   -0.08156396 

 N                  2.34366407   -1.20453713    0.10974105 

 C                  0.94824297   -1.36425714   -0.06704496 

 C                  0.09995691   -1.62135216    1.01055812 

 C                  0.38032893   -1.27132713   -1.33843605 

 C                 -1.26254319   -1.72640417    0.78199610 

 H                  0.49159994   -1.73664216    2.02122819 
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 C                 -0.99054617   -1.39024914   -1.47369906 

 H                  1.00043797   -1.10229712   -2.21921412 

 H                 -1.94289624   -1.92215318    1.61727316 

 H                 -1.44687321   -1.32514814   -2.46625013 

 N                 -1.81913223   -1.58795515   -0.43292299 

 O                  2.23702206    0.80369402   -0.97686203 

 O                  2.42937907   -3.15995127    1.28563214 

 H                  8.30092050   -1.57844916    1.50039515 

 

Optimized Geometry of Re4: 

 

C                 -3.41181030    2.20848115   -2.68278120 

 C                 -3.30618630    3.02067521   -1.55561912 

 C                 -3.33988730    2.43088116   -0.29622602 

 C                 -3.46971431    1.04946706   -0.18506702 

 C                 -3.52756731    0.83759205   -2.49999718 

 C                 -3.57525332    0.35755901    1.11201708 

 C                 -3.56369331    1.03362106    2.33132416 

 C                 -3.72395033    0.31562201    3.51226425 

 C                 -3.90282334   -1.06485109    3.44261525 

 C                 -3.89736234   -1.67360913    2.19756816 

 H                 -3.40226930    2.63782718   -3.68607927 

 H                 -3.61074132    0.16479700   -3.35936525 

 H                 -4.04215135   -1.64205013    4.35978131 

 H                 -4.03432935   -2.75526621    2.10192715 

 Re                -3.58940132   -1.91065915   -0.93816507 

 N                 -3.72727833   -0.98616208    1.05709107 

 N                 -3.54639731    0.26530101   -1.28694809 

 C                 -5.51807043   -2.03093016   -1.13957608 

 O                 -6.66092353   -2.08979316   -1.25273309 

 C                 -3.35856030   -2.47500619   -2.77485020 

 O                 -3.19814929   -2.74262521   -3.88432028 

 C                 -3.52637931   -3.76031128   -0.36644003 

 O                 -3.47196631   -4.83727836    0.03832800 

 H                 -3.43712631    2.11632314    2.37817117 

 H                 -3.26707129    3.08223321    0.57772404 

 C                 -3.72022833    0.96478805    4.86476035 

 O                 -3.84028233    0.33755601    5.88205844 

 O                 -3.57114031    2.27836715    4.78174934 

 C                 -3.16701929    4.51271231   -1.62323612 

 O                 -3.07826628    5.19797836   -0.63895505 

 O                 -3.15793829    4.95075834   -2.87067521 

 C                 -3.55846331    3.00787720    6.02475643 

 C                 -3.38684330    4.46356331    5.70723140 

 H                 -2.74271026    2.60801417    6.65030649 

 H                 -4.50039238    2.79576119    6.55790748 
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 H                 -3.37330530    5.05202535    6.63582746 

 H                 -2.44080623    4.64628332    5.17547337 

 H                 -4.21351636    4.83443933    5.08262936 

 C                 -3.03521428    6.37445443   -3.05867322 

 C                 -3.05934428    6.65128546   -4.53241533 

 H                 -2.09978121    6.70543649   -2.57684519 

 H                 -3.86220434    6.86511848   -2.51838918 

 H                 -2.96802027    7.73173454   -4.71412234 

 H                 -2.22536022    6.14861042   -5.04502836 

 H                 -4.00205335    6.30918544   -4.98537136 

 C                  3.54104619   -2.24253217    0.29859402 

 C                  4.98683630   -2.01395916    0.44553703 

 C                  5.55461033   -0.74632806    0.16968501 

 C                  4.72787528    0.34744901   -0.18587302 

 C                  3.28422618    0.19719000   -0.33480203 

 C                  5.77933635   -3.06514023    0.87588606 

 C                  6.96112245   -0.56959806    0.29328002 

 C                  7.72673350   -1.64765813    0.79491506 

 C                  7.15303345   -2.87161922    1.07561207 

 C                  7.54125751    0.71475804   -0.01694900 

 C                  6.68191340    1.78036212   -0.29658702 

 C                  5.30172832    1.59466310   -0.38278903 

 H                  4.64643428    2.42990516   -0.64601005 

 H                  7.09402346    2.76735019   -0.51458404 

 H                  5.30342635   -4.02807230    1.07989008 

 H                  7.76679851   -3.68547128    1.46897210 

 C                  9.72664165    0.05492499   -0.91505507 

 C                  9.47242860    2.20209415    0.18315401 

 C                 11.14538675   -0.09714602   -0.40533603 

 H                  9.74641663    0.55998603   -1.90713114 

 H                  9.24403861   -0.91943208   -1.07612408 

 C                 10.89169971    2.11304514    0.71904005 

 H                  9.46946764    2.76545818   -0.77841006 

 H                  8.83452956    2.75725819    0.88898706 

 C                 11.77502079    1.26929608   -0.18482502 

 H                 11.73062478   -0.69426306   -1.12391308 

 H                 11.13310376   -0.66225606    0.54620704 

 H                 11.29873073    3.13077421    0.83625506 

 H                 10.85732970    1.66437011    1.72895412 

 H                 12.78927688    1.17448907    0.23528101 

 H                 11.88950077    1.77631612   -1.16272108 

 N                  8.91509256    0.86883705   -0.00090900 

 N                  2.77004214   -1.11698709   -0.10640901 

 C                  1.38046004   -1.30632210   -0.28514902 

 C                  0.59875898   -1.93002815    0.68907505 

 C                  0.74594000   -0.87724108   -1.45283511 
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 C                 -0.75817811   -2.08727116    0.46430903 

 H                  1.03985102   -2.29912818    1.61470512 

 C                 -0.61648810   -1.07077309   -1.59047212 

 H                  1.30793004   -0.39620604   -2.25334617 

 H                 -1.37811516   -2.58570920    1.21648108 

 H                 -1.12088414   -0.74853307   -2.50702118 

 N                 -1.37688516   -1.66092413   -0.65073005 

 O                  2.52581912    1.09704306   -0.62368805 

 O                  3.00597016   -3.30951725    0.49129903 

 H                  8.78934158   -1.49046312    0.99576907 

 

Optimized Geometry of Re5: 

 

C                 -3.20417927    3.68244318    1.33865708 

 C                 -2.28435220    3.21337715    2.32564115 

 C                 -2.13171119    1.87546205    2.52990217 

 C                 -2.83257724    0.93947198    1.71894811 

 C                 -3.88173131    2.71044711    0.54323202 

 C                 -2.75386423   -0.47442912    1.92890512 

 C                 -1.98250717   -1.05093516    2.97630420 

 C                 -1.98412618   -2.39915226    3.17175021 

 C                 -2.81586724   -3.23432432    2.36466216 

 C                 -3.57396929   -2.61555827    1.32569308 

 Re                -3.94929732   -0.22079110   -0.81179007 

 N                 -3.45990028   -1.26884217    1.06697606 

 N                 -3.61388029    1.36749202    0.68088703 

 C                 -5.86559547   -0.30067011   -0.62528706 

 O                 -7.01543953   -0.34857711   -0.51507405 

 C                 -4.10426633    0.88320498   -2.38765819 

 O                 -4.15232234    1.54706803   -3.33557726 

 C                 -3.96047832   -1.73488921   -2.00898416 

 O                 -3.92365632   -2.64030328   -2.73051421 

 H                 -1.38426013   -0.40790511    3.62362025 

 H                 -1.45803214    1.51857102    3.31011422 

 H                 -1.73334016    3.94110020    2.92921119 

 H                 -1.38244814   -2.85431229    3.96465927 

 C                 -4.44797835   -3.43310133    0.57541203 

 H                 -5.08508740   -2.97010830   -0.18012103 

 C                 -4.53391336   -4.79377243    0.81118905 

 H                 -5.22683441   -5.39405547    0.21470900 

 C                 -3.75698431   -5.40359547    1.80650011 

 H                 -3.82831131   -6.48037354    1.98122113 

 C                 -2.91556524   -4.62106442    2.57634117 

 H                 -2.31405020   -5.06683745    3.37599623 

 C                 -3.46108728    5.05152728    1.14436407 

 H                 -2.91742024    5.77275233    1.76414311 
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 C                 -4.38179535    5.48009032    0.20565400 

 H                 -4.57578836    6.54665336    0.06467599 

 C                 -5.07894340    4.52682124   -0.55055906 

 H                 -5.83189445    4.84903326   -1.27549511 

 C                 -4.83767438    3.17425914   -0.38744604 

 H                 -5.41280041    2.44525809   -0.96112008 

 C                  2.92091718    0.95880799    0.69558304 

 C                  4.38533328    1.06219899    0.86331105 

 C                  5.26565134    0.36787594   -0.00167102 

 C                  4.75321531   -0.39660111   -1.07747009 

 C                  3.30759321   -0.52587912   -1.30296711 

 C                  4.88087431    1.86642205    1.87302012 

 C                  6.67072246    0.47190195    0.19694400 

 C                  7.14027350    1.34726501    1.20464207 

 C                  6.26680343    2.02605106    2.02901313 

 C                  7.55767550   -0.25857110   -0.67036706 

 C                  7.01456845   -0.95485315   -1.74656014 

 C                  5.63000237   -1.02221716   -1.94437115 

 H                  5.21205634   -1.59894520   -2.77455722 

 H                  7.67040454   -1.50199719   -2.42700619 

 H                  4.16832926    2.38787909    2.51792116 

 H                  6.65353447    2.70327411    2.79480018 

 C                  9.39690665   -0.83801515    0.82327005 

 C                  9.83371569   -0.48919412   -1.53017112 

 C                 10.76494773   -0.31178611    1.20855607 

 H                  9.45203464   -1.94258622    0.68296303 

 H                  8.65941158   -0.66566613    1.62093410 

 C                 11.22003779    0.04791892   -1.21660010 

 H                  9.90028767   -1.58298120   -1.74006014 

 H                  9.43155765   -0.00921608   -2.43697419 

 C                 11.75694880   -0.53872313    0.07874299 

 H                 11.10053977   -0.80209814    2.13757714 

 H                 10.68661072    0.77062897    1.42619709 

 H                 11.89537781   -0.16840510   -2.06099716 

 H                 11.15807478    1.14833300   -1.12843010 

 H                 12.74292889   -0.11172009    0.32538001 

 H                 11.91270885   -1.62774520   -0.05097902 

 N                  8.92780763   -0.22620110   -0.42350205 

 N                  2.47581014    0.17092093   -0.38845904 

 C                  1.06695004    0.07015592   -0.58286906 

 C                  0.30326099    1.20916300   -0.82058407 

 C                  0.42882700   -1.16604017   -0.54160606 

 C                 -1.06728811    1.07369299   -0.97039608 

 H                  0.76575002    2.19609307   -0.87062008 

 C                 -0.94689310   -1.21042017   -0.70467607 

 H                  0.99267904   -2.08567124   -0.37905104 
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 H                 -1.69699116    1.95395906   -1.13937910 

 H                 -1.47958214   -2.16647124   -0.65910807 

 N                 -1.69217016   -0.11116009   -0.89466508 

 O                  2.82036217   -1.16930517   -2.20327618 

 O                  2.12973612    1.50383603    1.43051209 

 H                  8.21748354    1.50708303    1.30084208 

 

Optimized Geometry of Mod1: 

 

C                 -0.37722065    1.92632125   -3.45330676 

 C                  0.06727366    3.06928936   -2.82395770 

 C                  0.12282344    3.10924307   -1.41583996 

 C                 -0.27452358    1.95054238   -0.71613486 

 C                 -0.74958975    0.81938593   -2.67819970 

 C                  0.54640484    4.26269864   -0.68034161 

 C                 -0.27449298    1.95050920    0.71626844 

 C                  0.12288119    3.10917801    1.41601121 

 C                  0.54643243    4.26266756    0.68054886 

 C                  0.06738601    3.06915964    2.82412929 

 H                  0.36951319    3.94896575    3.39898105 

 C                 -0.37708077    1.92616141    3.45344352 

 C                 -0.74947448    0.81925972    2.67830064 

 H                  0.86055115    5.14706236   -1.24107895 

 H                 -0.44443459    1.86342955   -4.54041146 

 H                  0.36938005    3.94912137   -3.39878075 

 H                 -1.10426782   -0.09789143   -3.15864119 

 H                  0.86060182    5.14700551    1.24131396 

 H                 -0.44425220    1.86322027    4.54054796 

 H                 -1.10412678   -0.09804283    3.15871301 

 Re                -1.14989676   -0.87286994    0.00002143 

 N                 -0.69220764    0.82169939    1.34983564 

 N                 -0.69226957    0.82176356   -1.34973711 

 C                 -3.04900639   -0.51129655    0.00009377 

 O                 -4.18115715   -0.28771960    0.00013535 

 C                 -1.40935063   -2.22215780   -1.35529168 

 O                 -1.54825835   -3.00705017   -2.19184342 

 C                 -1.40925777   -2.22222253    1.35528924 

 O                 -1.54809996   -3.00715541    2.19181336 

 C                  1.77410267   -1.23482454   -1.14997048 

 C                  1.77421506   -1.23478777    1.14977711 

 C                  3.14813862   -1.40310406   -1.19097741 

 H                  1.20189699   -1.17574573   -2.08125654 

 C                  3.14825539   -1.40306514    1.19065387 

 H                  1.20209936   -1.17567815    2.08111696 

 H                  3.65230223   -1.47148044   -2.15907830 

 H                  3.65251420   -1.47140745    2.15870775 
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 N                  1.08138241   -1.14780198   -0.00006425 

 C                  3.87497330   -1.49424289   -0.00019589 

 C                  5.36511439   -1.62116240   -0.00026449 

 C                  6.03372646   -0.25132223   -0.00027292 

 H                  5.68241082   -2.19540637   -0.88676916 

 H                  5.68248871   -2.19543122    0.88619660 

 H                  7.12958777   -0.34637526   -0.00032292 

 H                  5.74365912    0.33115979   -0.88992612 

 H                  5.74373823    0.33113252    0.88942406 

 

Optimized Geometry of Mod2: 

 

C                  0.35858068   -3.41183227   -1.09361215 

 C                  1.59832082   -2.82566735   -0.92045814 

 C                  1.63926198   -1.40123125   -0.85070813 

 C                  0.41058096   -0.70492907   -0.83540113 

 C                 -0.83014233   -2.65924809   -1.08469215 

 C                  2.85826614   -0.65711532   -0.87417214 

 C                  0.40588211    0.73462003   -0.82103813 

 C                  1.63008627    1.43905496   -0.82631113 

 C                  2.85380928    0.70334678   -0.86344813 

 C                  1.58001941    2.86412507   -0.87213313 

 C                  0.33573438    3.44543223   -1.02832115 

 C                 -0.84825578    2.68548230   -1.02710815 

 H                  3.80308915   -1.20012846   -0.94806814 

 H                  0.28356756   -4.49830633   -1.19611616 

 H                  3.79495940    1.25373972   -0.92893514 

 H                  0.25353649    4.53306132   -1.11080816 

 Re                -2.49149718   -0.00091572   -0.29054209 

 N                 -0.81040192    1.35831420   -0.85608914 

 N                 -0.80152719   -1.33569299   -0.88693914 

 C                 -3.33824624    0.02019236   -2.03191222 

 O                 -3.83267027    0.03282542   -3.07197629 

 C                 -3.75354540   -1.31857369    0.33772195 

 O                 -4.49585654   -2.10021967    0.74905798 

 C                 -3.75912813    1.29356650    0.37396195 

 O                 -4.50448311    2.06020663    0.80732698 

 C                 -1.04343120   -1.18476896    2.26241409 

 C                 -1.03083296    1.11378621    2.28862809 

 C                 -0.31876115   -1.24370604    3.44139017 

 H                 -1.36422831   -2.10616899    1.76400105 

 C                 -0.30548990    1.13765413    3.46893417 

 H                 -1.34120288    2.04981430    1.81106505 

 H                 -0.06767623   -2.21769613    3.87189720 

 H                 -0.04390978    2.09868018    3.92152821 

 N                 -1.39447210   -0.02649084    1.67618504 
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 C                  0.07430800   -0.06223899    4.07816022 

 C                  0.91401706   -0.08354408    5.31582931 

 C                  2.39904516   -0.13086524    4.97285128 

 H                  0.64066495   -0.95915512    5.92859736 

 H                  0.69479614    0.81005301    5.92403034 

 H                  3.01612220   -0.14768130    5.88301435 

 H                  2.64277108   -1.03003233    4.38321124 

 H                  2.69794627    0.74804079    4.37830324 

 C                  2.80781283   -3.66555353   -0.83785113 

 C                  3.72588691   -3.50144362    0.21039394 

 C                  3.02527874   -4.68198363   -1.77813720 

 C                  4.83499291   -4.33433579    0.31199795 

 H                  3.55009098   -2.73214854    0.96990100 

 C                  4.14367873   -5.50385678   -1.68190120 

 H                  2.32193968   -4.81080256   -2.60716826 

 C                  5.04884482   -5.33308187   -0.63655212 

 H                  5.53604298   -4.20717085    1.14118801 

 H                  4.31039767   -6.28296789   -2.43027025 

 H                  5.92437680   -5.98304604   -0.55895212 

 C                  2.78454059    3.71063500   -0.78361413 

 C                  3.71038763    3.53721989    0.25619794 

 C                  2.98929570    4.74232305   -1.71005920 

 C                  4.81453080    4.37601484    0.36323395 

 H                  3.54469054    2.75558685    1.00520800 

 C                  4.10280387    5.57018799   -1.60871219 

 H                  2.27981667    4.87868914   -2.53262826 

 C                  5.01570892    5.39011490   -0.57168712 

 H                  5.52162682    4.24131576    1.18607301 

 H                  4.25953096    6.36138005   -2.34649424 

 H                  5.88736402    6.04475684   -0.48992411 

 C                 -2.12796650   -3.36891401   -1.26542816 

 H                 -2.59670555   -3.60945697   -0.29622610 

 H                 -2.84528249   -2.76554189   -1.83944421 

 H                 -1.97256659   -4.32207109   -1.78944520 

 C                 -2.15121080    3.39095349   -1.18564416 

 H                 -2.86664292    2.79815352   -1.77287720 

 H                 -2.61811182    3.60312155   -0.20896209 

 H                 -2.00381369    4.35832854   -1.68528319 

 

Optimized Geometry of Mod3: 

 

C                  1.12887720   -3.47905726   -0.51157209 

 C                  2.34007528   -2.88800522   -0.14104506 

 C                  2.35624229   -1.48797712   -0.10021106 

 C                  1.22419921   -0.74158607   -0.40849708 

 C                  0.02985712   -2.68321320   -0.80080010 



 

271 

 

 

 C                  1.21285620    0.73600104   -0.43812408 

 C                  2.33110429    1.51178710   -0.15308606 

 C                  2.29349128    2.90862720   -0.24979107 

 C                  1.07648119    3.46529324   -0.65296109 

 C                 -0.00833588    2.64143518   -0.91618211 

 H                  1.01979519   -4.56207334   -0.58515609 

 H                 -0.92067295   -3.13982724   -1.09597913 

 H                  0.95173119    4.54264832   -0.77133710 

 H                 -0.96377595    3.07090321   -1.23528614 

 Re                -1.67379600   -0.03901701   -1.13293213 

 N                  0.04087312    1.30808909   -0.80574511 

 N                  0.05939512   -1.34586111   -0.74611810 

 C                 -1.41633899   -0.08174802   -3.05463627 

 O                 -1.24721097   -0.10694602   -4.19227535 

 C                 -3.02201410   -1.41800811   -1.27537114 

 O                 -3.77927016   -2.28638417   -1.32331514 

 C                 -3.04006910    1.31396709   -1.33833515 

 O                 -3.80838115    2.16952114   -1.42532815 

 C                 -1.93475002   -1.11855709    1.83461908 

 C                 -1.94854802    1.17812007    1.77683608 

 C                 -2.10412503   -1.12622709    3.20958218 

 H                 -1.87365602   -2.06191216    1.28178604 

 C                 -2.11828703    1.25330208    3.14958318 

 H                 -1.89921702    2.09337814    1.17764404 

 H                 -2.17209304   -2.08143016    3.73866922 

 H                 -2.19792504    2.23309715    3.62980421 

 N                 -1.85714602    0.01286299    1.11201103 

 C                 -2.20745804    0.08128300    3.90712223 

 C                 -2.34895505    0.11793500    5.39574434 

 C                 -0.98786595    0.14469100    6.08236139 

 H                 -2.92304709   -0.76278806    5.72972038 

 H                 -2.93524509    1.00643207    5.68495537 

 H                 -1.09734596    0.17163700    7.17626549 

 H                 -0.39400991   -0.74745406    5.82489137 

 H                 -0.40628191    1.03076706    5.77984838 

 H                  3.25986235    1.02018006    0.14375896 

 H                  3.27928536   -0.97043408    0.16912096 

 C                  3.53112638    3.73591026    0.06228295 

 C                  3.95755340    3.46435824    1.50911606 

 C                  4.65388645    3.32689123   -0.89787111 

 C                  3.27063836    5.22982837   -0.09857306 

 H                  3.16056834    3.73977326    2.21983611 

 H                  4.21853142    2.40751116    1.68143407 

 H                  4.84854847    4.06507328    1.75404608 

 H                  4.36457443    3.49715324   -1.94804719 

 H                  5.55492752    3.92833227   -0.69504310 
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 H                  4.93649647    2.26713615   -0.78998211 

 H                  4.18749342    5.79140842    0.13937196 

 H                  2.98832833    5.49368536   -1.13123413 

 H                  2.48272830    5.59024539    0.58364099 

 C                  3.59315138   -3.68293727    0.19267496 

 C                  4.70257946   -3.29262725   -0.79052411 

 C                  4.02508341   -3.34995225    1.62498107 

 C                  3.35622636   -5.18590338    0.09018196 

 H                  4.40868243   -3.50633326   -1.83145018 

 H                  4.96942848   -2.22541017   -0.72418710 

 H                  5.61434053   -3.87212529   -0.57233509 

 H                  3.23746735   -3.61048527    2.35157512 

 H                  4.92718047   -3.92691829    1.88585609 

 H                  4.27045643   -2.28337317    1.75510408 

 H                  4.28380642   -5.72305444    0.34256097 

 H                  2.57894031   -5.53319643    0.79112401 

 H                  3.07174734   -5.49321942   -0.92978112 

 

Optimized Geometry of Mod4: 

 

C                  1.53387216   -3.04486328   -0.61483035 

 C                  2.56690504   -2.13717992   -0.39522462 

 C                  2.27756657   -0.77658986   -0.38097745 

 C                  0.96711819   -0.35039711   -0.57641917 

 C                  0.24884256   -2.55186772   -0.79068309 

 C                  0.58813728    1.07232358   -0.63424042 

 C                  1.51587224    2.10440784   -0.51144860 

 C                  1.08882512    3.42330929   -0.63098174 

 C                 -0.25753760    3.67654843   -0.88061499 

 C                 -1.12751245    2.60244941   -0.98536919 

 H                  1.72093112   -4.11883640   -0.64542390 

 H                 -0.58853760   -3.23430251   -0.96083123 

 H                 -0.61539158    4.70201274   -0.98932450 

 H                 -2.19116904    2.76437056   -1.18055418 

 Re                -2.07206305   -0.41131185   -0.90702301 

 N                 -0.72158882    1.33054773   -0.85623864 

 N                 -0.03483752   -1.24203447   -0.76222655 

 C                 -2.09564412   -0.48179378   -2.84192096 

 O                 -2.10364159   -0.52242173   -3.99438574 

 C                 -3.05757486   -2.07176685   -0.83538983 

 O                 -3.61208324   -3.08316467   -0.77820134 

 C                 -3.75470895    0.53931998   -0.92483578 

 O                 -4.74019537    1.14103026   -0.92491494 

 C                 -1.58332751   -1.37652573    2.06211731 

 C                 -2.14692476    0.85283378    1.98994531 

 C                 -1.47393688   -1.34616471    3.44268397 
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 H                 -1.40843721   -2.31113831    1.51951518 

 C                 -2.05763689    0.96184443    3.36702373 

 H                 -2.42907220    1.72256422    1.38843533 

 H                 -1.20823080   -2.26043391    3.98043471 

 H                 -2.26610222    1.92360445    3.84434076 

 N                 -1.91215763   -0.29671571    1.33035631 

 C                 -1.71466673   -0.15584957    4.13460022 

 C                 -1.55910986   -0.06171846    5.61908936 

 C                 -0.17415644    0.44887098    5.99999792 

 H                 -1.73416268   -1.05293299    6.06899761 

 H                 -2.33157064    0.61517987    6.02181854 

 H                 -0.06514212    0.51464208    7.09254727 

 H                  0.61438992   -0.22082716    5.62010263 

 H                  0.00877400    1.45204485    5.58143607 

 H                  2.57067267    1.89585410   -0.33004472 

 H                  3.09564856   -0.07216733   -0.21865465 

 C                  2.02549721    4.58636029   -0.50973027 

 O                  1.66153158    5.73066813   -0.60454727 

 O                  3.27107104    4.19875573   -0.29036182 

 C                  3.98867244   -2.55583973   -0.17575616 

 O                  4.87835082   -1.76784452    0.02532359 

 O                  4.13082306   -3.86838826   -0.22888388 

 C                  4.26516157    5.23084256   -0.15905438 

 C                  5.59117156    4.56866612    0.07083605 

 H                  3.97149441    5.89048548    0.67459613 

 H                  4.25126875    5.84387417   -1.07557349 

 H                  6.37741888    5.32979737    0.17626319 

 H                  5.57709793    3.96232920    0.98913810 

 H                  5.85881406    3.91541491   -0.77336973 

 C                  5.45602593   -4.39415351   -0.03344263 

 C                  5.38044693   -5.88813101   -0.14266315 

 H                  5.81947720   -4.05959027    0.95262785 

 H                  6.12113310   -3.94759874   -0.79129531 

 H                  6.37842485   -6.32597539    0.00176880 

 H                  4.70905894   -6.30738248    0.62191071 

 H                  5.01291136   -6.19387460   -1.13386836 

 

Optimized Geometry of Mod5: 

 

C                 -3.50623231    0.32165176    1.87291925 

 C                 -2.83258996    1.25274722    2.68930895 

 C                 -1.46237028    1.30299160    2.68082546 

 C                 -0.74584395    0.46398920    1.80154167 

 C                 -2.72458831   -0.51636207    1.02077995 

 C                  0.73182558    0.43344728    1.80206055 

 C                  1.48444571    1.26825804    2.65440213 
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 C                  2.85134071    1.15893013    2.66636583 

 C                  3.48321026    0.17018127    1.88489702 

 C                  2.66568722   -0.65485902    1.05409202 

 Re                -0.02986020   -1.07807856   -0.68972292 

 N                  1.31075769   -0.44939384    0.98056003 

 N                 -1.36065639   -0.37310488    0.95837136 

 C                 -0.10044495   -2.95137965   -0.21403433 

 O                 -0.14373393   -4.07001427    0.06839319 

 C                 -1.33600318   -1.34146336   -2.08239802 

 O                 -2.11826333   -1.46387362   -2.92399758 

 C                  1.28882970   -1.43820320   -2.04874779 

 O                  2.08167300   -1.62278733   -2.86884747 

 C                 -1.07762778    1.85101710   -1.25351361 

 C                  1.22382166    1.76443599   -1.27236248 

 C                 -1.06810674    3.21624850   -1.48444220 

 H                 -2.02824620    1.31476315   -1.15637960 

 C                  1.31358080    3.12695341   -1.50368886 

 H                  2.13310462    1.15839547   -1.19047034 

 H                 -2.01670724    3.75376051   -1.56954012 

 H                  2.29857515    3.59138604   -1.60401024 

 N                  0.04838648    1.12238865   -1.13993790 

 C                  0.14878927    3.89248666   -1.61603764 

 C                  0.20017720    5.37503123   -1.80572624 

 C                  0.20699182    6.10142257   -0.46545315 

 H                 -0.66964803    5.69650275   -2.40295282 

 H                  1.10229169    5.63900934   -2.38239616 

 H                  0.24678471    7.19145272   -0.60738996 

 H                 -0.69960504    5.86842964    0.11661716 

 H                  1.07875016    5.80640028    0.14108179 

 H                  0.99114741    2.00369889    3.28830484 

 H                 -0.93865233    1.98641901    3.34808004 

 H                 -3.41143072    1.90933356    3.34472382 

 H                  3.45833436    1.81475487    3.29672335 

 C                  3.28686085   -1.69880851    0.32710164 

 H                  2.67092662   -2.38333464   -0.25724435 

 C                  4.64789539   -1.88353303    0.39586999 

 H                  5.10447242   -2.70525975   -0.16152159 

 C                  5.46089209   -1.03638099    1.18177544 

 H                  6.54140768   -1.19473621    1.21227921 

 C                  4.88470311   -0.03193324    1.91882303 

 H                  5.48903717    0.62158673    2.55433567 

 C                 -4.91598605    0.18650587    1.89597116 

 H                 -5.49118759    0.85088697    2.54716725 

 C                 -5.53637885   -0.76726147    1.12808650 

 H                 -6.62338137   -0.87422507    1.15009756 

 C                 -4.76090337   -1.62910569    0.32091350 
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 H                 -5.25319813   -2.41150576   -0.26210778 

 C                 -3.39222023   -1.50766945    0.26194120 

 H                 -2.80861256   -2.20368342   -0.34114453 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure B24. HOMO, LUMO, and LUMO + 1 of Mod1-5. M06//Def2-SVP/SDD PCM: THF. 
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Figure B25. HOMO, LUMO, and LUMO + 1 of Re1-5. M06//Def2-SVP/SDD PCM: THF. 
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Figure B26. LUMO + 2 of Re1. M06//Def2-SVP/SDD PCM: THF. 
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Table B3. Experimental UV/Vis data obtained in THF at room temperature. Wavelength, 

energies, and oscillator strength (f) for selected S0Sn excitations as determined via TDDFT at 

the level of theory specified below.  

Molecule  

Experimental 

λ
abs max

/nm, eV 

(ε/M
-1

cm
-1

) 

M06/Def2-SVP 

S
0
S

1
/nm, eV (f) 

S
0
S

2
/nm, eV (f) 

S
0
S

n
/nm, eV (f) 

Mod1 364, 3.41 (3950) 

390, 3.18 (0.0017) 

383, 3.24 (0.0941) 

S15: 271, 4.51 (0.3626) 

Mod2 377, 3.29 (5000) 

391, 3.17 (0.1534) 

385, 3.22 (0.0089) 

S4: 351, 3.53 (0.2183) 

Mod3 339, 3.66 (5000) 

380, 3.27 (0.0054) 

374, 3.31 (0.1164) 

S12: 281, 4.41 (0.2527) 

Mod4 385, 3.22 (5000) 

440, 2.82 (0.0094) 

424, 2.93 (0.1094) 

S9: 304, 4.07 (0.3399) 

Mod5 407, 3.04 (4200) 

466, 2.66 (0.0001) 

442, 2.81 (0.0731) 

S5: 354, 3.50 (0.4860) 

Re1 403, 3.08 (11500) 

412, 3.01 (0.3949) 

403, 3.07 (0.0012) 

S14: 308, 4.02 (0.1212) 

Re2 407, 3.04 (12500) 

413, 3.00 (0.3954) 

395, 3.14 (0.0003) 

S3: 389, 3.18 (0.1416) 

Re3 400, 3.10 (15900) 

412, 3.01 (0.3991) 

384, 3.23 (0.0014) 

S4: 371, 3.35 (0.1047) 

Re4 407, 3.04 (13200) 

475, 2.61 (0.0004) 

440, 2.82 (0.0092) 

S5: 412, 3.01 (0.3865) 

Re5 406, 3.05 (15400) 

529, 2.35 (0.0001) 

520, 2.38 (0.0018) 

S5: 409, 3.03 (0.3825) 
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Table B4. Energies of the LUMO’s of Re-CDI complexes with both ancillary ligands.  

 4-etpy LUMO (eV) PNI-py LUMO 

(eV) 

[Re(phen)(CO)3(L)](PF6) -3.13 -3.09 

[Re(bcp)(CO)3(L)](PF6) -3.05 -3.00 

[Re(dtbb)(CO)3(L)](PF6) -2.87 -2.92 

[Re(deeb)(CO)3(L)](PF6) -3.60 -3.56 

[Re(biq)(CO)3(L)](PF6) -3.62 -3.86 

 

 

 

 

 

 

 

 

Figure B27. Triplet spin densities of Mod1-5 and Re1-5. M06//Def2-SVP/SDD PCM: THF. 
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B.3. Additional Spectroscopic Information  

 

Steady-state Spectroscopic Information: 

 

 
Figure B28. Additive combination of electronic spectra between PNI, Re(I) model and Re(I) 

complex in THF. 
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Time-Resolved Spectroscopic Information: 

 
Figure B29. 77 K of PNI-py triplet sensitized using 10% EtI. Blue shoulder is residual 

fluorescence. Energy estimated by converting to wavenumbers and taking the peak maximum. 
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Figure B30. Excited-state absorption difference spectra of Mod1 (A), Mod2 (B), Mod3 (C), 

Mod4 (D), and Mod5 (E) in THF. Mod1-5 were excited using a Continuum Minilite with 355 

nm pulsed excitation (5.0 mJ/pulse, 5 ns fwhm). 
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Figure B31. Time-resolved photoluminescence spectra of Mod1 (A), Mod2 (B), Mod3 (C), 

Mod4 (D), and Mod5 (E) in THF. Mod1-5 were excited using a Continuum Minilite with 355 

nm pulsed excitation (5.0 mJ/pulse, 5 ns fwhm). 
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Figure B32. nsTA (left, 450 nm) and photoluminescence (right, 557 nm) decays of Mod1. 

Excited at 410 nm (2.0 mJ/pulse). 

 

 
Figure B33. nsTA (left, 520 nm) and photoluminescence (right, 556 nm) decays of Mod2. 

Excited at 410 nm (2.0 mJ/pulse). 

 

 
Figure B34. nsTA (left, 455 nm) and photoluminescence (right, 556 nm) decays of Mod3. 

Excited at 410 nm (2.0 mJ/pulse). 
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Figure B35. nsTA (left, 475 nm) and photoluminescence (right, 627 nm) decays of Mod4. 

Excited at 410 nm (2.0 mJ/pulse). 

 

 
Figure B36. nsTA (left, 403 nm) and photoluminescence (right, 660 nm) decays of Mod5. 

Excited at 410 nm (2.0 mJ/pulse). 

 
Figure B37. Excited-state absorption difference spectra of Re1 (92.3 µM) in THF excited using 

a Continuum Minilite with 355 nm pulsed excitation (5.0 mJ/pulse, 5 ns fwhm). 
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Figure B38. Excited-state absorption difference spectra of Re3 (90.7 µM) in THF excited using 

a Continuum Minilite with 355 nm pulsed excitation (5.0 mJ/pulse, 5 ns fwhm). 

 

 
Figure B39. Excited-state absorption difference spectra of Re4 (93.0 µM) in THF excited using 

a Continuum Minilite with 355 nm pulsed excitation (5.0 mJ/pulse, 5 ns fwhm). 

 

 
Figure B40. Time-resolved photoluminescence spectra of Re1 at early times (left) and later 

times (right) after excitation using a Continuum Minilite with 355 nm pulsed excitation (5.0 

mJ/pulse, 5 ns fwhm). 
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Figure B41. Time-resolved photoluminescence spectra of Re2 at early times (left) and later 

times (right) after excitation using a Continuum Minilite with 355 nm pulsed excitation (5.0 

mJ/pulse, 5 ns fwhm). 

 

 
Figure B42. Time-resolved photoluminescence spectra of Re3 at early times (left) and later 

times (right) after excitation using a Continuum Minilite with 355 nm pulsed excitation (5.0 

mJ/pulse, 5 ns fwhm). 
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Figure B43. Time-resolved photoluminescence emission spectra of Re5 at specified times after 

excitation using a Continuum Minilite with 355 nm pulsed excitation (5.0 mJ/pulse, 5 ns fwhm). 

 

 
Figure B44. The concentration dependent study of Re1 showing self-quenching behavior using 

the LP 920 laser flash photolysis system (Edinburgh Instruments) with a Vibrant 355 

Nd:YAG/OPO system (OPOTEK) for pulsed laser excitation for single wavelength kinetics 

detection at 465 nm (𝜆ex = 410 nm, 2.0 mJ/pulse).  

 

 
Figure B45. The concentration dependent study of Re3 showing self-quenching behavior using 

the LP 920 laser flash photolysis system (Edinburgh Instruments) with a Vibrant 355 



 

289 

 

 

Nd:YAG/OPO system (OPOTEK) for pulsed laser excitation for single wavelength kinetics 

detection at 465 nm (𝜆ex = 410 nm, 2.0 mJ/pulse).  

 

 
Figure B46. The concentration dependent study of Re4 showing self-quenching behavior using 

the LP 920 laser flash photolysis system (Edinburgh Instruments) with a Vibrant 355 

Nd:YAG/OPO system (OPOTEK) for pulsed laser excitation for single wavelength kinetics 

detection at 465 nm (𝜆ex = 410 nm, 2.0 mJ/pulse).  

 

 
Figure B47. nsTA decay at 400 nm of Re5. Excited at 410 nm (2.0 mJ/pulse). 
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Figure B48. Excited-state absorption difference spectra of Mod1 (A), Mod2 (B), Mod3 (C), 

Mod4 (D), and Mod5 (E) in THF following 400 nm pulsed excitation (105 fs fwhm, 0.7 

µJ/pulse). 
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Figure B49. Ultrafast transient absorption kinetic data of Mod1 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 460 nm. 

 

 

 
Figure B50. Ultrafast transient absorption kinetic data of Mod2 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 520 nm. 

 

 
Figure B51. Ultrafast transient absorption kinetic data of Mod3 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 455 nm. 
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Figure B52. Ultrafast transient absorption kinetic data of Mod4 in THF following 400 nm 

pulsed excitation. Single wavelength kinetic analysis at 550 nm. 

 

 
Figure B53. Ultrafast transient absorption kinetic data of Mod5 in THF following 400 nm 

pulsed excitation. Single wavelength kinetic analysis at 550 nm. 

 

 
Figure B54. Excited-state absorption difference spectra of Re1 in THF following 400 nm pulsed 

excitation (105 fs fwhm). 
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Figure B55. Excited-state absorption difference spectra of Re3 in THF following 400 nm pulsed 

excitation (105 fs fwhm). 

 

 
Figure B56. Excited state absorption difference spectra of Re4 in THF excited following 400 nm 

pulsed laser excitation (105 fs fwhm). 

 

 
Figure B57. Ultrafast transient absorption kinetic data of Re1 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 430 nm. 
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Figure B58. Ultrafast transient absorption kinetic data of Re2 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 430 nm. 

 

 
Figure B59. Ultrafast transient absorption kinetic data of Re3 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 430 nm. 

 

 
Figure B60. Ultrafast transient absorption kinetic data of Re4 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 430 nm. 
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Figure B61. Ultrafast transient absorption kinetic data of Re5 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 435 nm. 

 

 
Figure B62. Energy level diagram of Mod1-5. The mixed 3MLCT and LC is for Mod1-2 only. 
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Appendix C 

 

C.1. Synthetic Details and Structural Characterization  

 

All chemicals and solvents were analytical grade, and they were used without further purification. 

Nuclear magnetic resonance (NMR) spectra were measured at 298 K with a Bruker® Avance NEO 

700 MHz (1H) and 176 MHz (13C) and processed with MestreNova software (version 10.0.2), with 

the chemical shifts referenced to residual solvent signals. The chemical shifts (δ ppm) are 

referenced to the respective solvent and splitting patterns are designed as s (singlet), d (doublet), t 

(triplet), m (multiplet). High resolution electrospray ionization mass spectrometry (HR-ESI-MS) 

was measured by the Michigan State University Mass Spectrometry Core, East Lansing, MI. MS 

values are given as m/z. 

 

Synthesis of 16H-benzo[4',5']isoquinolino[2',1':1,2]imidazo[4,5-f][1,10]phenanthrolin-16-one 

(NBI-phen). NBI-phen was synthesized with modification to the previously reported procedure.1 

5,6-Diamino-1,10-phenanthroline (1.46 mmol, 308 mg) and 1,8-naphthalic anhydride (2.01 mmol, 

398 mg) were mixed in 30 mL of acetic acid which was degassed with nitrogen. This mixture was 

then heated for 24 hours at 140 °C. After addition of water and a saturated, aqueous solution of 

sodium carbonate the ligand began to precipitate and was then filtered off on a glass frit and 

washed with water, ethanol, and diethyl ether. The resulting dark yellow solid was recrystallized 

in hot ethanol to give NBI-phen (64 %). 1H NMR (700 MHz, CDCl3) δ 10.80 (d, J = 8.7 Hz, 1H), 

9.56 (d, J = 8.2 Hz, 1H), 9.36 (t, J = 5.3 Hz, 2H), 9.23 (d, J = 7.4 Hz, 1H), 9.17 (d, J = 7.4 Hz, 1H), 

8.66 (d, J = 8.1 Hz, 1H), 8.59 (d, J = 8.2 Hz, 1H), 8.45 – 8.42 (m, 1H), 8.33 – 8.30 (m, 1H), 8.14 

(dd, J = 11.4, 4.0 Hz, 1H), 8.11 (t, J = 7.8 Hz, 1H) ppm. 13C NMR (176 MHz, CDCl3) δ 159.93, 

151.64, 150.36, 144.93, 144.89, 139.16, 137.70, 137.44, 136.74, 135.76, 132.63, 132.25, 131.90, 
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129.08, 128.83, 128.02, 126.77, 126.29, 123.99, 121.76, 121.09, 120.94, 77.34, 77.16, 76.98, 21.26 

ppm. MS [HR-ESI]: m/z calcd for C24H12N4OH [M+H]+ 373.1089, found 373.1094. 

 

Synthesis of Re(CO)3(NBI-phen)Cl. Pentacarbonylchlororhenium(I) (1 mmol, 332 mg) was added 

to NBI-phen (1.1 mmol, 382 mg) and 80 mL of toluene in a 150 mL round bottom flask. The 

solution was degassed, put under N2, and refluxed while mixing for 12 hours. After cooling, the 

yellow precipitate was filtered out on a glass frit and washed with 800 mL of toluene. The yellow 

solid was further purified using neutral alumina and eluted with dichloromethane and 10% 

acetonitrile to give Re(CO)3(NBI-phen)Cl (89 %). 1H-NMR (DMSO-d6) δ 10.27 (d, J= 8.42 Hz, 

1H), 9.53 (d, J= 4.45 Hz, 1H), 9.47 (d, J= 4.20 Hz, 1H), 9.39 (d, J= 6.96 Hz, 1H), 8.88 (d, J= 6.81 

Hz, 1H), 8.84 (d, J= 6.65 Hz, 1H), 8.58 (d, J= 8.84 Hz, 1H), 8.41 (d, J= 8.25 Hz, 1H), 8.23 (m, 

2H), 8.02-7.94 (m, 2H). MS [HR-ESI]: m/z calcd for [M-Cl]+ 643.04106, found 643.03910. 

Synthesis of Re(CO)3(NBI-phen)OTf. Re(CO)3(NBI-phen)(Cl) (0.16 mmol, 109 mg) was added 

to 50 mL round bottom flask along with 20 mL of absolute ethanol. The solution was covered 

(dark), deaerated, put under N2. Silver triflate (0.18 mmol, 47 mg) was added to the reaction 

mixture and refluxed for 6 hours. Once cool, the solution was filtered through celite on a glass frit 

to remove AgCl from solution. The yellow filtrate was dried under reduced pressure. The crude 

product was chromatographed using acidic alumina and eluted with acetonitrile to give 

Re(CO)3(NBI-phen)OTf (80 %). MS [HR-ESI]: m/z calcd for [M-OTf]+ 643.04106, found 

643.03964. 

 

Synthesis of fac-[Re(NBI-phen)(CO)3(PPh3)](PF6) (Re1). Re(CO)3(NBI-phen)OTf (0.19 mmol, 

150 mg)  and PPh3 (1.34 mmol, 350 mg) were added to 50mL round bottom flask along with 20mL 
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acetonitrile. This mixture was then refluxed for 12 hours. The solvent was removed under reduced 

pressure and the crude product was chromatographed on acidic alumina with dichloromethane and 

increasing amounts of acetonitrile. The collected fraction was dissolved in minimal amount of 

methanol and precipitated as the PF6 salt using a dropwise addition of an ammonium 

hexafluorophosphate solution in water (1.0 g in 10 mL). The solid was collected on a glass frit and 

washed with 250 mL of distilled water. The solid was recrystallized in dichloromethane and diethyl 

ether. The yellow solid was dried under vacuum overnight to give fac-[Re(NBI-

phen)(CO)3(PPh3)](PF6) (Re1) (96 %). 1H NMR (700 MHz, DMSO) δ 10.16 (d, J = 8.6 Hz, 1H), 

9.41 (d, J = 5.0 Hz, 1H), 9.31 (t, J = 7.0 Hz, 2H), 8.97 (d, J = 7.1 Hz, 1H), 8.93 (d, J = 7.2 Hz, 1H), 

8.69 (d, J = 8.0 Hz, 1H), 8.53 (d, J = 8.1 Hz, 1H), 8.09 (t, J = 7.6 Hz, 1H), 8.07 – 8.00 (m, 3H), 

7.35 (t, J = 7.4 Hz, 3H), 7.25 (t, J = 6.7 Hz, 6H), 7.01 – 6.97 (m, 6H) ppm. 13C NMR (176 MHz, 

DMSO) δ 194.95, 160.86, 155.04, 153.32, 152.42, 144.99, 144.44, 138.65, 138.32, 136.42, 134.14, 

132.98, 132.86, 132.26, 132.20, 131.67, 131.05, 129.93, 129.13, 129.07, 128.08, 128.00, 127.82, 

127.59, 127.50, 126.12, 125.99, 124.97, 124.47, 122.94, 122.59, 120.12, 40.02, 39.88, 39.76, 

39.64, 39.52, 39.40, 39.28, 39.16 ppm. MS [HR-ESI]: m/z calcd for C45H27N4O4PRe [M]+ 

903.1299, found 903.1307. 

 

Synthesis of fac-[Re(NBI-phen)(CO)3(CH3CN)](PF6) (Re2). Re(CO)3(NBI-phen)Cl (0.10 mmol, 

69 mg) and silver triflate (0.10 mmol, 26 mg) were suspended in 50 mL of freshly distilled 

acetonitrile. The solution was covered (dark), deaerated, put under N2, and refluxed for 12 hours. 

Once cool, the reaction contents were filtered over celite to remove AgCl from solution. The 

filtrate was dried under reduced pressure and then dissolved in a minimal amount of methanol and 

precipitated as the PF6 salt using a dropwise addition of an ammonium hexafluorophosphate 
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solution in water (1.0 g in 10 mL). The solid was collected on a glass frit and washed with water 

and dried under vacuum to give fac-[Re(NBI-phen)(CO)3(CH3CN)](PF6) (Re2) (71 %). 1H NMR 

(700 MHz, CD3CN) δ 10.48 (d, J = 8.6 Hz, 1H), 9.51 (t, J = 5.8 Hz, 2H), 9.47 (d, J = 4.8 Hz, 1H), 

9.01 (d, J = 7.2 Hz, 1H), 8.96 (d, J = 7.2 Hz, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.42 (d, J = 8.1 Hz, 

1H), 8.20 (ddd, J = 18.7, 8.4, 4.9 Hz, 2H), 8.01 (dt, J = 15.5, 7.7 Hz, 2H) ppm. 13C NMR (176 

MHz, CD3CN) δ 155.38, 153.88, 146.88, 140.41, 140.10, 137.58, 135.93, 134.30, 133.87, 132.96, 

128.94, 128.82, 128.67, 128.11, 127.30, 127.00, 126.49, 126.28, 124.40, 123.87, 123.48, 121.29, 

120.71, 118.26, 68.24, 26.20, 1.27, 1.15. MS [HR-ESI]: m/z calcd for C29H15N5O4Re [M]+ 

682.0654, found 682.0661. 

 

Synthesis of Re(CO)3(phen)Cl. It was synthesized according to the previously reported procedure.2 

Pentacarbonylchlororhenium(I) (5.53 mmol, 2 g) was added to 1,10-phenanthroline (5.53 mmol, 

1 g) and 30 mL of toluene in a 100 mL round bottom flask. The solution was degassed, put under 

N2, and refluxed while mixing for 4 hours. After cooling, the yellow precipitate was filtered out 

on a glass frit and washed with 300 mL of toluene to give Re(CO)3(phen)Cl (93 %). 1H NMR (700 

MHz, CD2Cl2) δ 9.42 – 9.36 (m, 1H), 8.62 (dd, J = 8.2, 0.8 Hz, 1H), 8.07 (s, 1H), 7.91 (dd, J = 8.2, 

5.1 Hz, 1H). 13C NMR (176 MHz, CD2Cl2) δ 153.36, 147.35, 138.70, 131.28, 128.04, 126.25, 

54.15, 53.99, 53.84, 53.68, 53.53. MS [HR-ESI]: m/z calcd for C15H8N2O3Re [M-Cl]+ 449.0064, 

found 449.0045. 

 

Synthesis of Re(CO)3(phen)OTf. Re(CO)3(phen)(Cl) (3.1 mmol, 1.5 g) was added to 500 mL 

round bottom flask along with 300 mL of absolute ethanol. The solution was covered (dark), 

deaerated, put under N2. Silver triflate (3.2 mmol, 0.82 g) was added to the reaction mixture and 
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refluxed for 6 hours. Once cool, the solution was filtered through celite on a glass frit to remove 

AgCl from solution. The yellow filtrate was dried under reduced pressure to give 

Re(CO)3(phen)OTf (90 %). MS [HR-ESI]: m/z calcd for [M-OTf]+ 449.0064, found 449.0095. 

 

Synthesis of fac-[Re(phen)(CO)3(PPh3)](PF6) (Mod1). Re(CO)3(phen)OTf (2.5 mmol, 1.5 g)  and 

PPh3 (25 mmol, 1 g) were added to 500mL round bottom flask along with 300mL tetrahydrofuran. 

This mixture was then refluxed for 12 hours. The solvent was removed to 90% under reduced 

pressure and product was precipitated as the PF6 salt using a dropwise addition of an ammonium 

hexafluorophosphate solution in water (1.0 g in 10 mL). The solid was collected on a glass frit and 

washed with 250 mL of distilled water. The yellow solid was dried under vacuum overnight to 

give fac-[Re(phen)(CO)3(PPh3)](PF6) (Mod1) (98 %). 1H NMR (700 MHz, CD3CN) δ 9.11 (dd, J 

= 5.1, 0.6 Hz, 2H), 8.62 (d, J = 8.2 Hz, 2H), 8.05 (s, 2H), 7.73 (dd, J = 8.2, 5.1 Hz, 2H), 7.33 (dt, 

J = 7.4, 3.7 Hz, 3H), 7.20 (td, J = 7.7, 2.1 Hz, 6H), 7.04 – 7.00 (m, 6H) ppm. 13C NMR (176 MHz, 

CD3CN) δ 155.79, 147.18, 140.24, 133.51, 133.45, 131.95, 131.93, 129.94, 129.88, 129.65, 

129.38, 128.87, 127.56, 118.26, 1.27 ppm. MS [HR-ESI]: m/z calcd for C33H23N2O3PRe [M]+ 

711.0976, found 711.0970. 

 

Synthesis of fac-[Re(phen)(CO)3(CH3CN)](PF6) (Mod2). Re(CO)3(phen)Cl (2.06 mmol, 1 g) were 

suspended in 300 mL of acetonitrile. The solution was covered (dark), deaerated, put under N2. 

Silver triflate (2.12 mmol, 0.545 g) was added to the reaction mixture and refluxed for 12 hours. 

Once cool, the reaction contents were filtered over celite to remove AgCl from solution. The 

filtrate was dried under reduced pressure and then dissolved in a minimal amount of methanol and 

precipitated as the PF6 salt using a dropwise addition of an ammonium hexafluorophosphate 



 

302 

 

 

solution in water (1.0 g in 10 mL). The solid was collected on a glass frit and washed with water 

and dried under vacuum to give fac-[Re(phen)(CO)3(CH3CN)](PF6) (Mod2) (91 %). 1H NMR 

(400 MHz, CD2Cl2) δ 9.38 (dd, J = 5.1, 1.3 Hz, 2H), 8.80 (dd, J = 8.3, 1.3 Hz, 2H), 8.21 (s, 2H), 

8.05 (dd, J = 8.3, 5.1 Hz, 2H), 2.06 (s, 3H), 1.54 (s, 3H) ppm. 13C NMR (176 MHz, CD2Cl2) δ 

154.46, 147.24, 140.55, 131.72, 128.63, 127.13, 54.15, 54.00, 53.84, 53.69, 53.53, 3.70 ppm. MS 

[HR-ESI]: m/z calcd for C17H11N3O3Re [M]+ 490.0330, found 490.0339. 
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Figure C1. 700 MHz 1HNMR of 16H-benzo[4',5']isoquinolino[2',1':1,2]imidazo[4,5-

f][1,10]phenanthrolin-16-one (NBI-phen) in CDCl3 at 300K. 
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Figure C2. 176 MHz 13CNMR of 16H-benzo[4',5']isoquinolino[2',1':1,2]imidazo[4,5-

f][1,10]phenanthrolin-16-one (NBI-phen) in CDCl3 at 300K. 
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Figure C3. HR-ESIMS of 16H-benzo[4',5']isoquinolino[2',1':1,2]imidazo[4,5-

f][1,10]phenanthrolin-16-one (NBI-phen). 
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Figure C4. 700 MHz 1HNMR of fac-[Re(NBI-phen)(CO)3(PPh3)](PF6) (Re1) in DMSO at 

300K. 
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Figure C5. 176 MHz 13CNMR of fac-[Re(NBI-phen)(CO)3(PPh3)](PF6) (Re1) in DMSO at 

300K. 
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Figure C6. HR-ESIMS of fac-[Re(NBI-phen)(CO)3(PPh3)](PF6) (Re1). 
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Figure C7. 700 MHz 1HNMR of fac-[Re(NBI-phen)(CO)3(CH3CN)](PF6) (Re2) in CD3CN at 

300K. 
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Figure C8. 176 MHz 13CNMR of fac-[Re(NBI-phen)(CO)3(CH3CN)](PF6) (Re2) in CH3CN at 

300K. 
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Figure C9. HR-ESIMS of fac-[Re(NBI-phen)(CO)3(CH3CN)](PF6) (Re2). 
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Figure C10. 700 MHz 1HNMR of fac-[Re(phen)(CO)3(PPh3)](PF6) (Mod1) in CD3CN at 300K. 
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Figure C11. 176 MHz 13CNMR of fac-[Re(phen)(CO)3(PPh3)](PF6) (Mod1) in CD3CN at 300K. 
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Figure C12. HR-ESIMS of fac-[Re(phen)(CO)3(PPh3)](PF6) (Mod1). 
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Figure C13. 700 MHz 1HNMR of fac-[Re(phen)(CO)3(CH3CN)](PF6) (Mod2) in CD2Cl2 at 

300K. 
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Figure C14. 176 MHz 13CNMR of fac-[Re(phen)(CO)3(CH3CN)](PF6) (Mod2) in CD2Cl2 at 

300K. 
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Figure C15. HR-ESIMS of fac-[Re(phen)(CO)3(CH3CN)](PF6) (Mod2). 
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C.2. Additional Computational Data 

 

 
Figure C16. Frontier molecular orbital diagrams of the model Re(I)-CDI complex Mod2 and 

corresponding NBI-phen complex Re2, where L = CH3CN.
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Figure C17. Experimental electronic absorption spectra overlay of Mod1 with calculated singlet 

excited states. 
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Figure C18. Experimental electronic absorption spectra overlay of Re1 with calculated singlet 

excited states. 
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Figure C19. Experimental electronic absorption spectra overlay of Mod2 with calculated singlet 

excited states. 
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Figure C20. Experimental electronic absorption spectra overlay of Re2 with calculated singlet 

excited states. 

 
Figure C21. Natural transition orbitals for the three lowest transitions of Mod1 predicted via 

TD-DFT at the PBE0-D3/Def2-SVP level of theory; λ is the fraction of the hole–particle 

contribution to the excitation. 



 

321 

 

 

 
Figure C22. Natural transition orbitals for the three lowest transitions of Re1 predicted via TD-

DFT at the PBE0-D3/Def2-SVP level of theory; λ is the fraction of the hole–particle contribution 

to the excitation. 
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Figure C23. Natural transition orbitals for the three lowest transitions of Mod2 predicted via 

TD-DFT at the PBE0-D3/Def2-SVP level of theory; λ is the fraction of the hole–particle 

contribution to the excitation. 
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Figure C24. Natural transition orbitals for the three lowest transitions of Re2 predicted via TD-

DFT at the PBE0-D3/Def2-SVP level of theory PCM: THF; λ is the fraction of the hole–particle 

contribution to the excitation. 

 

Table C1. Selected electronic excitation energies (nm) and corresponding oscillator strengths (f) 

of the low-lying singlet excited states of complexes Mod1-2 and Re1-2. 

molecule 
S0→S1 /nm 

(f) 

S0→S2 /nm 

(f) 

S0→S3 /nm 

(f) 

Mod1 355.6 (0.0136) 349.8 (0.0650) 342.7 (0.0095) 

Re1 411.9 (0.5259) 384.7 (0.0114) 354.8 (0.0026) 

Mod2 373.9 (0.0016) 359.6 (0.0754) 348.2 (0.0179) 

Re2 409.7 (0.5234) 385.1 (0.0107) 374.3 (0.0056) 
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Figure C25. Natural orbitals of Re1. PBE0-D3/Def2-SVP level of theory PCM: THF. 

 
Figure C26. Natural orbitals of Re2. PBE0-D3/Def2-SVP level of theory PCM: THF. 
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Figure C27. Triplet spin densities of (A) Re1 and (B) Re2. PBE0-D3/Def2-SVP level of theory 

PCM: THF. 

 
Figure C28. Natural transition orbitals for the three lowest transitions of NBI-phen predicted via 

TD-DFT at the PBE0-D3/Def2-SVP level of theory PCM: THF; λ is the fraction of the hole–

particle contribution to the excitation. 

 

Table C2. Optimized singlet geometries of Re1-2 and Mod1-2: 

 

Optimized geometry of Re1: 

 

Re                -2.45645997   -0.20208138   -1.53399293 

 C                 -2.17212009   -0.46227691   -3.45175425 

 O                 -2.02594601   -0.61172225   -4.57897127 

 C                 -3.93899404   -1.43045975   -1.59580505 

 O                 -4.79768683   -2.20024091   -1.63383305 

 C                 -3.63880734    1.27818846   -1.90622157 

 O                 -4.30214052    2.19331246   -2.12960988 

 N                 -0.60297767    0.97665377   -1.40605167 
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 C                  0.52659900    0.29161461   -1.09110719 

 C                 -0.54554445    2.28954390   -1.60245351 

 C                  1.79209057    0.93474938   -0.94906498 

 C                  0.36289173   -1.12635400   -0.90257692 

 C                  0.65488988    2.99378068   -1.51082495 

 H                 -1.47915616    2.79905807   -1.84268125 

 C                  1.81712197    2.32570552   -1.18763138 

 C                  2.89660427    0.09019857   -0.57106029 

 C                  1.46360135   -1.93362932   -0.56860550 

 N                 -0.87904087   -1.65206793   -1.06902122 

 H                  0.66003834    4.07000127   -1.68527036 

 H                  2.76008352    2.85670189   -1.09108957 

 C                  2.72648259   -1.28624483   -0.40466804 

 N                  4.26227523    0.28941349   -0.31140836 

 C                  1.27012861   -3.31776483   -0.41515648 

 C                 -1.04358338   -2.96529029   -0.94075586 

 N                  3.88624385   -1.91528238   -0.07794875 

 C                  4.78980223   -0.97421542   -0.02709029 

 C                  5.03736308    1.47350941   -0.24704255 

 H                  2.11964275   -3.95045353   -0.15250228 

 C                  0.00591234   -3.83317905   -0.61230653 

 H                 -2.04841600   -3.35336234   -1.10939516 

 C                  6.19092655   -1.15323595    0.27903931 

 C                  6.46990467    1.28078362    0.04775129 

 O                  4.54527267    2.56491221   -0.41796182 

 H                 -0.19719912   -4.90020856   -0.51580187 

 C                  7.01509287   -0.00255013    0.30337721 

 C                  6.72862842   -2.40497673    0.53882432 

 C                  7.28964410    2.39976062    0.07930209 

 C                  8.40216566   -0.13710497    0.59343579 

 C                  8.09920988   -2.53901691    0.82604534 

 H                  6.07493402   -3.27885793    0.51480542 

 C                  8.66106536    2.27162838    0.36031969 

 H                  6.84939461    3.37886395   -0.11896604 

 C                  9.20724333    1.02928899    0.61318381 

 C                  8.92179327   -1.43096220    0.85277169 

 H                  8.51034970   -3.53010540    1.02769740 

 H                  9.29246658    3.16193488    0.37840379 

 H                 10.27301753    0.92993101    0.83355744 

 H                  9.98624542   -1.53723759    1.07541190 

 P                 -2.74022222    0.19854449    0.94930748 

 C                 -2.33306832   -1.22409856    2.03027645 

 C                 -2.84972260   -2.47184375    1.65426307 

 C                 -1.62696289   -1.11221507    3.23458008 

 C                 -2.63992262   -3.59411460    2.45143389 

 H                 -3.44124633   -2.56627490    0.74135155 
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 C                 -1.41313852   -2.23969254    4.02729947 

 H                 -1.24443008   -0.14608866    3.56874642 

 C                 -1.91134849   -3.48162875    3.63575329 

 H                 -3.04937398   -4.55942830    2.14513281 

 H                 -0.85670399   -2.14159676    4.96232347 

 H                 -1.74025965   -4.36199955    4.25962442 

 C                 -1.68175522    1.59306370    1.47434237 

 C                 -2.20430397    2.89372523    1.46068780 

 C                 -0.31609548    1.40704879    1.73461810 

 C                 -1.37894900    3.98513455    1.72767129 

 H                 -3.26192577    3.05866613    1.24105508 

 C                  0.50376317    2.50143850    2.00129985 

 H                  0.11943371    0.40540072    1.72727724 

 C                 -0.02589807    3.79178968    2.00263787 

 H                 -1.79943843    4.99329481    1.71904972 

 H                  1.56614710    2.34246867    2.20090839 

 H                  0.61945624    4.64812578    2.21122908 

 C                 -4.40971393    0.65360273    1.54780826 

 C                 -4.56110394    1.04610720    2.88704922 

 C                 -5.53600218    0.56939723    0.72512111 

 C                 -5.82048507    1.36151573    3.38591357 

 H                 -3.68927459    1.10804946    3.54374814 

 C                 -6.79906906    0.88260460    1.23010631 

 H                 -5.43929652    0.25420342   -0.31369723 

 C                 -6.94230935    1.28077341    2.55689660 

 H                 -5.92860857    1.66984871    4.42832134 

 H                 -7.67252596    0.81374621    0.57792031 

 H                 -7.93118298    1.52754981    2.95061261 

 

Optimized geometry of Re2: 

 

Re                -2.45645997   -0.20208138   -1.53399293 

 C                 -2.17212009   -0.46227691   -3.45175425 

 O                 -2.02594601   -0.61172225   -4.57897127 

 C                 -3.93899404   -1.43045975   -1.59580505 

 O                 -4.79768683   -2.20024091   -1.63383305 

 C                 -3.63880734    1.27818846   -1.90622157 

 O                 -4.30214052    2.19331246   -2.12960988 

 N                 -0.60297767    0.97665377   -1.40605167 

 C                  0.52659900    0.29161461   -1.09110719 

 C                 -0.54554445    2.28954390   -1.60245351 

 C                  1.79209057    0.93474938   -0.94906498 

 C                  0.36289173   -1.12635400   -0.90257692 

 C                  0.65488988    2.99378068   -1.51082495 

 H                 -1.47915616    2.79905807   -1.84268125 

 C                  1.81712197    2.32570552   -1.18763138 
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 C                  2.89660427    0.09019857   -0.57106029 

 C                  1.46360135   -1.93362932   -0.56860550 

 N                 -0.87904087   -1.65206793   -1.06902122 

 H                  0.66003834    4.07000127   -1.68527036 

 H                  2.76008352    2.85670189   -1.09108957 

 C                  2.72648259   -1.28624483   -0.40466804 

 N                  4.26227523    0.28941349   -0.31140836 

 C                  1.27012861   -3.31776483   -0.41515648 

 C                 -1.04358338   -2.96529029   -0.94075586 

 N                  3.88624385   -1.91528238   -0.07794875 

 C                  4.78980223   -0.97421542   -0.02709029 

 C                  5.03736308    1.47350941   -0.24704255 

 H                  2.11964275   -3.95045353   -0.15250228 

 C                  0.00591234   -3.83317905   -0.61230653 

 H                 -2.04841600   -3.35336234   -1.10939516 

 C                  6.19092655   -1.15323595    0.27903931 

 C                  6.46990467    1.28078362    0.04775129 

 O                  4.54527267    2.56491221   -0.41796182 

 H                 -0.19719912   -4.90020856   -0.51580187 

 C                  7.01509287   -0.00255013    0.30337721 

 C                  6.72862842   -2.40497673    0.53882432 

 C                  7.28964410    2.39976062    0.07930209 

 C                  8.40216566   -0.13710497    0.59343579 

 C                  8.09920988   -2.53901691    0.82604534 

 H                  6.07493402   -3.27885793    0.51480542 

 C                  8.66106536    2.27162838    0.36031969 

 H                  6.84939461    3.37886395   -0.11896604 

 C                  9.20724333    1.02928899    0.61318381 

 C                  8.92179327   -1.43096220    0.85277169 

 H                  8.51034970   -3.53010540    1.02769740 

 H                  9.29246658    3.16193488    0.37840379 

 H                 10.27301753    0.92993101    0.83355744 

 H                  9.98624542   -1.53723759    1.07541190 

 P                 -2.74022222    0.19854449    0.94930748 

 C                 -2.33306832   -1.22409856    2.03027645 

 C                 -2.84972260   -2.47184375    1.65426307 

 C                 -1.62696289   -1.11221507    3.23458008 

 C                 -2.63992262   -3.59411460    2.45143389 

 H                 -3.44124633   -2.56627490    0.74135155 

 C                 -1.41313852   -2.23969254    4.02729947 

 H                 -1.24443008   -0.14608866    3.56874642 

 C                 -1.91134849   -3.48162875    3.63575329 

 H                 -3.04937398   -4.55942830    2.14513281 

 H                 -0.85670399   -2.14159676    4.96232347 

 H                 -1.74025965   -4.36199955    4.25962442 

 C                 -1.68175522    1.59306370    1.47434237 
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 C                 -2.20430397    2.89372523    1.46068780 

 C                 -0.31609548    1.40704879    1.73461810 

 C                 -1.37894900    3.98513455    1.72767129 

 H                 -3.26192577    3.05866613    1.24105508 

 C                  0.50376317    2.50143850    2.00129985 

 H                  0.11943371    0.40540072    1.72727724 

 C                 -0.02589807    3.79178968    2.00263787 

 H                 -1.79943843    4.99329481    1.71904972 

 H                  1.56614710    2.34246867    2.20090839 

 H                  0.61945624    4.64812578    2.21122908 

 C                 -4.40971393    0.65360273    1.54780826 

 C                 -4.56110394    1.04610720    2.88704922 

 C                 -5.53600218    0.56939723    0.72512111 

 C                 -5.82048507    1.36151573    3.38591357 

 H                 -3.68927459    1.10804946    3.54374814 

 C                 -6.79906906    0.88260460    1.23010631 

 H                 -5.43929652    0.25420342   -0.31369723 

 C                 -6.94230935    1.28077341    2.55689660 

 H                 -5.92860857    1.66984871    4.42832134 

 H                 -7.67252596    0.81374621    0.57792031 

 H                 -7.93118298    1.52754981    2.95061261 

 

Optimized geometry of Mod1:  

 

Re                 0.04581263   -1.55954082   -0.47377045 

 C                  1.09334822   -3.11516865   -1.01408312 

 O                  1.69763302   -4.03355411   -1.34035010 

 C                 -0.95361345   -2.66494580    0.74973389 

 O                 -1.50840994   -3.32126959    1.51632910 

 C                 -1.22841805   -1.98581129   -1.85544675 

 O                 -1.97299652   -2.27136083   -2.68914463 

 N                  1.37448755   -0.17633249   -1.56600978 

 C                  2.38888315    0.33864077   -0.82176428 

 C                  1.25735145    0.20351250   -2.83461137 

 C                  3.30364383    1.28416566   -1.33491391 

 C                  2.52657806   -0.12562921    0.52541059 

 C                  2.11600400    1.14040509   -3.42439829 

 H                  0.45510533   -0.25451620   -3.41372324 

 C                  3.13529725    1.69078399   -2.67431979 

 C                  4.34799182    1.77646180   -0.48645306 

 C                  3.58666172    0.34782574    1.32880566 

 N                  1.62037804   -1.03091938    0.97169863 

 H                  1.96331694    1.41745922   -4.46799741 

 H                  3.81754616    2.42579471   -3.10702786 

 C                  4.48607902    1.32419721    0.79111247 

 C                  3.69981895   -0.18046643    2.63101290 
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 C                  1.75348842   -1.51817733    2.20141614 

 H                  4.50657954    0.15858376    3.28453733 

 C                  2.78837000   -1.12384120    3.05899421 

 H                  1.00941303   -2.24715044    2.52663375 

 H                  2.84659551   -1.55952643    4.05693863 

 H                  5.03940303    2.51828408   -0.89134312 

 H                  5.29028151    1.69700493    1.42851203 

 P                 -1.19242632    0.55017993    0.23187240 

 C                 -2.71499978    0.28583025    1.21237808 

 C                 -3.56611048   -0.75858711    0.82891869 

 C                 -3.10537448    1.14911062    2.24450971 

 C                 -4.78380578   -0.94750778    1.47871497 

 H                 -3.28300948   -1.42431920    0.01017999 

 C                 -4.32133757    0.95153239    2.89650778 

 H                 -2.46346349    1.97898141    2.54751867 

 C                 -5.16039209   -0.09635296    2.51746891 

 H                 -5.43881413   -1.76604745    1.17201717 

 H                 -4.61478031    1.62515485    3.70499488 

 H                 -6.11241835   -0.24819322    3.03150577 

 C                 -1.78899955    1.69087523   -1.07493006 

 C                 -2.20140372    2.98635680   -0.72469312 

 C                 -1.91741155    1.27130305   -2.40152786 

 C                 -2.70823663    3.84725307   -1.69317745 

 H                 -2.12461050    3.32915279    0.31011424 

 C                 -2.42769599    2.13513475   -3.37132666 

 H                 -1.63891718    0.25863860   -2.68657138 

 C                 -2.81841674    3.42484047   -3.02000371 

 H                 -3.02293839    4.85418310   -1.40956168 

 H                 -2.52150074    1.79184818   -4.40401886 

 H                 -3.21688201    4.10273678   -3.77852251 

 C                 -0.09372998    1.59180433    1.25423528 

 C                  0.11303745    1.26999947    2.60334949 

 C                  0.66404889    2.61714621    0.66997793 

 C                  1.04083589    1.98224466    3.36003396 

 H                 -0.45351839    0.45882701    3.06797573 

 C                  1.59368595    3.32397490    1.43110284 

 H                  0.52985669    2.87090784   -0.38404640 

 C                  1.78071687    3.01136603    2.77676418 

 H                  1.18932980    1.72657771    4.41156040 

 H                  2.17585341    4.12213260    0.96550554 

 H                  2.50877742    3.56692383    3.37222990 

 

Optimized geometry of Mod2: 

 

Re                 1.15018878    0.00103779   -0.18968860 

 C                  1.32370252    0.00576094   -2.11543094 
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 O                  1.41754390    0.00849101   -3.26103014 

 C                  2.51830923    1.35954495   -0.07145149 

 O                  3.30984207    2.19207453    0.00072312 

 C                  2.51851938   -1.35785278   -0.07811421 

 O                  3.31014769   -2.19063001   -0.00999425 

 N                  0.80997841   -0.00505652    1.92496492 

 C                  0.58809199   -0.01052184    3.05767531 

 C                  0.32174367   -0.01902086    4.47630931 

 H                  1.09666887   -0.60332559    4.99303344 

 H                  0.32793567    1.01105259    4.86035494 

 H                 -0.66167467   -0.47201487    4.66623848 

 N                 -0.59239501   -1.34529677   -0.22584539 

 C                 -1.79514433   -0.71557391   -0.20395117 

 C                 -0.56173132   -2.67311838   -0.23745606 

 C                 -3.01979681   -1.41813482   -0.19137527 

 C                 -1.79521183    0.71719115   -0.20043293 

 C                 -1.72792309   -3.45181017   -0.22708044 

 H                  0.42306777   -3.14350485   -0.25651509 

 C                 -2.95825066   -2.82774402   -0.20294537 

 C                 -4.24851623   -0.68066123   -0.17107125 

 C                 -3.01993301    1.41956357   -0.18445936 

 N                 -0.59253426    1.34713076   -0.21924247 

 H                 -1.64232961   -4.53898350   -0.23895387 

 H                 -3.88214721   -3.41033341   -0.19468880 

 C                 -4.24857921    0.68187828   -0.16774380 

 C                 -2.95853085    2.82921650   -0.18916957 

 C                 -0.56199765    2.67499386   -0.22436048 

 H                 -3.88247710    3.41168083   -0.17819427 

 C                 -1.72825948    3.45350968   -0.21019585 

 H                  0.42276261    3.14554415   -0.24108727 

 H                 -1.64277355    4.54073846   -0.21676301 

 H                 -5.18881830   -1.23590853   -0.16101052 

 H                 -5.18894006    1.23696829   -0.15497658 
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C.3. Additional Spectroscopic Data 
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Figure C29. Electronic absorption spectra and PL of NBI in THF. 

 
Figure C30. Aerated PL of Re1 (left) and Re2 (right). Feature at 473 nm is Raman band of THF 

excited at 415 nm. 
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Figure C31. Excitation scans of Re1, Mod1 (left) and Re2, Mod2 (right). Monitored PL peak is 

denoted in the legend.  

 
Figure C32. UFTA of (A) Re1 in THF following 400 nm pulsed laser excitation (105 fs fwhm, 

0.3 mJ/pulse) and (B) nsTA of Re1 in deaerated THF following 415 nm excitation (1.8 

mJ/pulse). 
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Figure C33. Ultrafast transient absorption kinetic data of Re1 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 460 nm. 
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Figure C34. Ultrafast transient absorption kinetic data of Re2 in THF following 400 nm pulsed 

excitation. Single wavelength kinetic analysis at 460 nm. 

 

Table C3. Data table of Re1 rate constants and beta values after fitting using the TTA fitting 

equation from Deng et. al.3 Experiments were carried out in deaerated THF (λex = 415 nm). 

Power (mJ/pulse) kT (ns-1) kT (s-1) β 

2.0 1.34E-6 1.34E3 0.940 

1.6 1.70E-6 1.70E3 0.909 

1.2 1.95E-6 1.95E3 0.885 

0.8 2.21E-6 2.21E3 0.834 
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Figure C35. Kinetic traces and fits of Re1 at 2.0 (A), 1.6 (B), 1.2 (C), and 0.8 (D) mJ/pulse in 

deaerated THF (λex = 415 nm). 

 

Table C4. Data table of Re2 rate constants and beta values after fitting using the TTA fitting 

equation from Deng et. al.3 Experiments were carried out in deaerated THF (λex = 415 nm). 

Power (mJ/pulse) kT (ns-1) kT (s-1) β 

2.0 1.75E-6 1.75E3 0.956 

1.7 2.18E-6 2.18E3 0.942 

1.4 2.70E-6 2.70E3 0.923 

1.0 3.14E-6 3.14E3 0.906 
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Figure C36. Kinetic traces and fits of Re2 at 2.0 (A), 1.7 (B), 1.4 (C), and 1.0 (D) mJ/pulse in 

deaerated THF (λex = 415 nm). 

350 400 450 500 550 600 650 700 750

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035


O

D

Wavelength (nm)

 -2.0 ps

 1.0 ps

 2.0 ps

 5.0 ps

 10 ps

 100 ps

 1.0 ns

 2.0 ps

 4.0 ns

 6.0 ns

NBI

 
Figure C37. UFTA of NBI in THF following 400 nm pulsed laser excitation (105 fs fwhm, 0.5 

mJ/pulse). 
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Figure C38. Nanosecond transient absorption spectra of (A) UFTA of Mod1 following 350 nm 

excitation (105 fs fwhm, 50 µJ/pulse) in THF and (B) nsTA of Mod1 following 355 nm 

excitation (1.8 mJ/pulse) in deaerated THF. 
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Figure C39. Ultrafast transient absorption kinetic data of Mod1 following 350 nm excitation 

(105 fs fwhm, 50 µJ/pulse) in THF. Single wavelength kinetic analysis at 500 nm. 
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Figure C40. Ultrafast transient absorption kinetic data of Mod2 following 350 nm excitation 

(105 fs fwhm, 50 µJ/pulse) in THF. Single wavelength kinetic analysis at 500 nm. 

 

 
Figure C41. Time-resolved photoluminescence data of Re1 at (A) room temperature in 

deaerated THF and (B) 77 K in 2-MeTHF following 415 nm excitation (1.8 mJ/pulse). 
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Figure C42. Time-resolved photoluminescence spectra of Mod1 after excitation using a 

Continuum Minilite with 355 nm pulsed excitation (2.0 mJ/pulse, 5 ns fwhm). 

300 400 500 600 700 800

0

50

100

150

200

P
L

 I
n

te
n

s
it

y
 (

x
1
0

3
)

Wavelength (nm)

 100.00 ns

 500.00 ns

 1.00 µs

 2.50 µs

 5.00 µs

 50.00 µs

Mod2

 
Figure C43. Time-resolved photoluminescence spectra of Mod2 after excitation using a 

Continuum Minilite with 355 nm pulsed excitation (2.0 mJ/pulse, 5 ns fwhm). 
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Figure C44. nsTA kinetics (left) and PL kinetics (right) of Mod1 in THF after excitation using a 

Continuum Minilite with 355 nm pulsed excitation (2.0 mJ/pulse, 5 ns fwhm). Intense noise on 

nsTA kinetics due to a ND filter being placed in front of Xe arc lamp to reduce amount of 

decomposition of sample.  

 
Figure C45. nsTA kinetics (left) and PL kinetics (right) of Mod2 in THF after excitation using a 

Continuum Minilite with 355 nm pulsed excitation (2.0 mJ/pulse, 5 ns fwhm). 
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