
 

ABSTRACT 
 

FAVALE JR., JOSEPH MARIO. Photophysical Investigation of Metal-Organic Chromophores 
Featuring Multiple Interacting Excited States (Under the direction of Dr. Felix N. Castellano). 
 
 This dissertation is the collection of research projects completed in the field of metal-

organic complexes which feature multiple excited states, which interact to produce novel 

photophysical properties and dynamics. Throughout all projects, extensive photophysical 

characterization was carried out including both static and dynamic spectroscopic techniques, as 

well as in-depth temperature-dependent studies. 

The first project is the synthesis and evaluation of a new series of Re(I) 

diiminetricarbonyl complexes that feature arylisocyanide ligands with varying amounts of 

appended π-conjugation. These complexes demonstrated mixed 3LC and 3MLCT manifolds, 

which through thermal activation, produce interesting ultrafast dynamics. Complexes in this 

series also represented rare examples of inorganic excimers, especially of octahedral complexes. 

The second project is the synthesis and photophysical investigation of a new series of Ir(III) 

cyclometalated complexes, also featuring π-conjugated aryl isocyanides. Complexes is this series 

were found to have high energy PL, with substantial excited state lifetime. The investigation also 

uncovered mixed 3LC manifolds, leading to similarly interesting ultrafast dynamics. The final 

project is a collaborative effort studying a new homoleptic Zr(IV) complex with tridentate 

ligands with a large amount of steric protection. This remarkable complex possesses a 

significantly long excited state lifetime (~300 µs) which has LMCT character. The complex was 

found to undergo thermally-activated delayed fluorescence, and performs well as a 

photosensitizer in a number of photocatalytic organic transformations. The application of the 

complex to photochemical upconversion was also studied. 
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Preface 

One of the most significant global challenges which we face is the rising demand for a 

reliable source of energy which is clean and renewable. Global warming, as a result of our 

continued reliance on nonrenewable petroleum sources, has already caused massive shifts in the 

global climate. In order to mitigate these near-irreversible effects, renewable energy sources 

must be utilized. 

The most promising solution to this challenge comes from the sun. Solar energy has the 

theoretical potential to supply the entire global demand and more. Extensive research efforts over 

decades has produced technologies which have begun to harness this power. The United States, 

as well as the world, have already begun to lean more heavily on solar energy sources. 

According to the National Renewable Energy Lab and the Department of Energy, the U.S. alone 

has increased its total energy production from solar sources by 25% in 2017, and is expected to 

further grow. However, this still only represents 2% of the total energy production. Much more 

work and effort is required to make these technologies viable on the global scale.1 

One way to advance these technologies is the development of new light harvesting 

compounds and materials. The ability to absorb the vast majority of the visible solar spectrum is 

paramount to the performance of solar technologies. In addition to the simple absorbance, the 

dynamics of the excited states that are generated dictate their function. Understanding complex 

excited state dynamics allows for a more comprehensive understanding of light-induced 

electronic processes. Chromophore discovery is vital to emergent solar and photoluminescent 

technologies. 
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The information and research contained within this dissertation represents extensive 

effort in the synthesis of new chromophoric molecules and the understanding of complex 

photophysical dynamics within a variety of chromophoric constructs. 
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Chapter 1: Fundamentals and Measurement of 

Photophysical and Photochemical Processes 

 

1.1. Photon Energy Input (Light Absorption) 

In order to begin exploring complex photophysical properties within molecular systems, 

we must begin with the photoactivation process, which precedes all other processes. Energy must 

be introduced to the molecule through the absorption of electromagnetic radiation to promote an 

electronic transition, more specifically, light typically falling within the ultraviolet (UV) to 

visible range of wavelengths from ~200-700 nm. In order to achieve an electronic transition or 

promotion of the molecule from the ground state (lowest energy state, Ei) to an electronically 

excited state (Ef), the frequency of the light (ν) used is directly proportional to the energy 

difference of these two states, as illustrated in the Bohr equation (Eq. 1.1).1, 2 

 

            (1.1) 

Therefore, the energy contained in the photon of light absorbed increases the molecule’s 

potential energy by the same amount. The electromagnetic field of the light must also be 

considered. The wave-like properties of light lead to a definition where a photon contains both an 

electric field, as well as a magnetic field oscillation, which co-exist orthogonal to each other. For 

most molecular systems, including any discussed in this Dissertation, any interaction with the 

magnetic field can be ignored, due to the relative weakness of magnetic transitions. To better 

describe the electric field relationship with the electric dipole of the molecule, we can invoke 
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time-dependent perturbation theory. In a stationary state, the molecule can be described by the 

wave function, defined by the Schrödinger equation. This treatment is described in Eq 1.2, where 

Ĥ0 is the Hamiltonian operator.1, 2 

            (1.2) 

Because the molecule is acted upon by the oscillating forces of the electric vector, the static 

Hamiltonian operator is no longer sufficient for calculating the energy of the system. Therefore, 

incorporation of the perturbation operator, , is necessary to take into account the oscillating 

electric field effects (Eq 1.3).1, 2 

 

           (1.3) 

The perturbation can be viewed as a mixing of the initial wave function of the system 

with all other wave functions of the system simultaneously, dependent on time. If at any point in 

time the perturbation is removed, there exists a probability that the system will be in a state 

which is different from the initial state. This probability can be determined from the square of the 

coefficients of the expanded wavefunction. It is also proportional to the square of the transition 

moment (TM), , where  is the dipole-moment operator, by the factor , where νif 

is the frequency of the transition, me is the mass of the electron and e is the electron charge. This 

value can be experimentally determined from the intensity of the absorption spectrum, more 

specifically the oscillator strength, f. Eq 1.4 describes this relationship.1, 2 
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         (1.4) 

In Eq. 1.4,  f is related to the integral of the molar absorptivity, ε, over the range of frequencies, 

ν, of the transition. To further simplify the wavefunction description, the Born-Oppenheimer 

approximation can be invoked. According to this approximation, the light absorption event 

occurs on a time scale which is much shorter than those of any nuclear motions. Therefore, the 

total wavefunction, Ψ, can be factored into an electronic wave function, ψ, and the vibrational 

wave function, θ. Upon further approximation, taking into account that  is independent of 

nuclear motions and incorporating the corresponding spin functions Si, the transition moment can 

be described by Eq. 1.5.1, 2 

 

    (1.5) 

This description of the transition moment now highlights the selection rules for electronic 

transitions. First, the symmetry selection rules, defined by the electronic transition moment, 

dictate that sufficient orbital overlap must occur with the appropriate symmetry to allow the 

transition. Second, the spin selection rules, which state that allowed transitions must conserve 

spin multiplicity, i.e. singlet-to-singlet or triplet-to-triplet transitions. Though these rules define 

certain “allowed” and “forbidden” transitions within molecules, experimentally the allowedness 

of a transition is manifest as the relative oscillator strength of the transition. Allowed transitions 

give strong absorptions, while forbidden transitions give rise to weak absorptions. 

The third integral in the description gives rise to the Franck-Condon Principle. In essence 

the Franck-Condon term gives rise to any vibronic structure of absorption bands and is a 
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consequence of vertical transitions to individual vibronic sublevels within the potential energy 

surfaces of the excited states. Figure 1.1 depicts the general potential energy surfaces for an 

electronic transition within a compound having little excited state distortion (left) and more 

significant excited state distortion (right). Because the square of the wavefunction, which 

describes the probability of the location of the excited electron within the surface, which has 

higher values toward the walls of the surface as the vibrational levels increase, the degree of 

distortion gives rise to different transition intensities between the vibrational levels.1, 2 

 

 

 

Figure 1.1: General potential energy surfaces of varying excited state distortion and the dependence of absorption 
band structure, adapted from source.1 The three nested wells describe the following cases: a. no excited state 

distortion, giving a well-resolved single vibronic band; b. some excited state distortion giving resolved vibronic 
progression; c. significant excited state distortion leading to unresolvable vibronic bands and a broad unfeatured 

spectrum. 
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1.2. Dissipation of the Absorbed Photon Energy (Excited-State Decay) 
 

Once light has been absorbed and an excited state is formed, there are a number of 

pathways which lead back to the ground state. Figure 1.2 gives a generalized schematic of these 

pathways for an arbitrary chromophore, C. 

 

Figure 1.2: General schematic of excited-state deactivation pathways for a chromophore (C). 

 

The first pathway is the photochemical generation of a product, P with a rate constant kp. The 

other paths are the radiative (kr) and nonradiative (knr) decay pathways back to the ground state. 

The radiative pathway generates light and is known as photoluminescence (PL). The 

nonradiative pathway does not produce any electromagnetic radiation and dissipates the excited 

state energy in the form of heat through nuclear vibrations or collision with other molecules or 

solvent. Figure 1.3 gives a simple Jablonski diagram describing light absorption and the possible 

radiative and nonradiative deactivations pathways. In this figure, Sn denotes some lowest excited 

state singlet manifold, and Sn+1 and Sn+2 denote higher energy singlet states. 
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Figure 1.3: General Jablonski diagram showing simple absorption and radiative and nonradiative decay pathways 

 

In Figure 1.3, the blue lines represent absorption into various electronic levels and 

vibrational sublevels within the arbitrary excited state manifold. The green lines represent 

vibrational relaxation to the lowest sublevel of the lowest excited state, referred to as internal 

conversion (IC). The red solid and dashed lines represent the radiative and nonradiative decay, 

respectively. All decay from the excited state must come from the lowest vibrational level of the 

lowest state. This is a result of the rate of internal conversion within a certain spin manifold, as 

well as the rate of vibrational cooling, being significantly faster than the rates of decay back to 

the ground state. 

As described previously, the degree of excited state distortion between the ground and 

excited state geometries heavily influences the shape of the absorption bands and relative 

intensities of the observed vibronic progressions. This distortion also heavily influences the 
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balance between the radiative and nonradiative decay rates, kr and knr, respectively. As shown in 

Figure 1.4, when the potential energy surfaces are well-nested (i.e. small degree of distortion), 

the overlap of the vibrational wavefunctions between the lowest excited state vibrational level 

and the higher vibrational levels of the ground state surface is minimal. Due to this small degree 

of overlap, it is not easy for the excited to cross over to the lower energy surface and cascade 

down to the ground state through vibrational cooling, and radiative decay takes precedence. 

When more distortion is present, the overlap between vibrational wavefunctions is much greater 

and the vibrational relaxation pathway dominates, leading to much faster nonradiative decay.1, 2 

 

 

Figure 1.4: General potential energy surfaces of varying excited state distortion demonstrating possible overlap of 
higher vibrational sublevels, adapted from source.1 (a) shows little excited state distortion, leading to weak overlap 

of the vibrational wave function, which leads to slow nonradiative decay, knr. (b) shows more significant excited 
state distortion, leading to stronger overlap of the vibrational wave function, which leads to faster nonradiative 

decay, knr. 
 

Measurable values related to the PL are vital to properly understand the nature of the PL 

process. These include the PL quantum yield (Φ) and the PL lifetime (τ). The measurement of 

the Φ for a particular luminophore is widely used to quantify the “efficiency” of the PL as well 

as the ratio of radiative decay with respect to other decay pathways. Φ is the ratio of the number 
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of photons emitted by the molecule in relation to the number of photons absorbed. Eq. 1.6 gives 

the equation for Φ in the absence of any possible photochemical processes.1, 3 

    (1.6) 

The lifetime of a molecule is an experimentally measured value of the average time for 

which the molecule exists in an excited state prior to decay. Excited state decay follows the rate 

law given in Eq. 1.7. Integration of this rate expression gives Eq. 1.8, where the population of the 

excited state can be calculated as a single exponential function with respect to time.1, 3, 4 

          (1.7) 

    (1.8) 

The values of Φ and τ are directly related to the radiative and nonradiative rates, given by Eq. 1.9 

and 1.10. By combing these relationships with Eq. 1.8, and relating the population of the excited 

state N(t) to the measure intensity of the PL, I(t), Eq. 1.11 gives the relationship used to 

experimentally determine τ from PL intensity decay measurements. 

      (1.9) 

          (1.10) 

      (1.11) 
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1.3. Types of Excited States 

In inorganic molecules, it is possible to generate a number of different excited states upon 

UV-visible light excitation. To better describe the nature of these excited states, two factors 

should be considered. The first is the location of the ground-state and excited-state orbitals 

between which the transition takes place. The second is the electron spin associated with the 

initial and final state. 

With excitation in the UV to visible portion of the electromagnetic spectrum, the energies 

of the light involved match typically with transitions that involve the metal center’s d orbitals 

and the π orbitals of the organic ligands to which the metal ion is complexed. Interactions of 

these two types of systems give rise to the 3 main types of excited states important to this work. 

The first is those whose highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) involve only the ligand orbitals (π-π*). These excited states, also 

known as ligand-centered (LC), are highly allowed transitions by symmetry, giving rise to strong 

extinction coefficients in absorption. These states typically generate little structural distortion, 

leading to strong radiative decay and Φ for their emissions, and the observation of vibronic 

structure in both the absorbance and PL envelopes.1, 2, 5 

The second type of excited-state to consider is known as charge-transfer (CT). When the 

excited-state involves an electron promoted from metal orbitals to the ligand orbitals, this is 

known as metal-to-ligand charge-transfer (MLCT). MLCT processes have been comprehensively 

studied across a wide variety of complexes. CT can also occur in the reverse to MLCT, where 

the electron is excited from the ligand π orbitals to metal d orbitals. This is referred to as ligand-

to-metal charge transfer, LMCT. CT transitions in general involve the formal oxidation of the 

HOMO orbitals and reduction of the LUMO, giving an excited state molecule a distinct dipole 
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moment. This dipole moment manifests in photophysical behavior which is highly dependent on 

environmental conditions. One of these behaviors is known as solvatochromism, or the variation 

in the energy of spectral features as a function of solvent polarity. In CT excited states, the 

solvent environment will reorganize around the excited dipole moment. Because of this, more 

polar solvents will stabilize the CT transition to lower energies (bathochromic shift), while 

nonpolar solvents will raise the energy of the transition (hypsochromic shift). When the matrix is 

rigidified or frozen, the effect is to drastically raise the energy of the CT transition, which can 

uncover closely lying excited states that are normally higher in energy. 

The properties of these states are highly dependent on a number of factors, most 

important being the electronic structure of the complex. For most of the complexes in this work, 

the metal centers contain only partially filled d orbitals, more specifically d6. To know where 

these six electrons lie, we must consider the octahedral ligand field splitting diagram shown in 

Figure 1.5. 

 

 

Figure 1.5: General ligand field diagram showing splitting of an octahedral field. 

 

For ligand field theory, we must assume that the interactions between the metal and the ligands is 

solely electrostatic. In complexes of octahedral symmetry (Oh), the five d orbitals split into three 

degenerate orbitals (t2g), lower in energy, and two degenerate orbitals (eg), higher in energy. The 
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energy gap between the split orbitals is referred to as the ligand field splitting, or 10Dq. The 

magnitude of the splitting is dependent on the identity of metal center, its oxidation state, its 

position within its group, and the nature of the ligand. For the metal centers Ru(II), Re(I) and 

Ir(III), common to many inorganic chromophores, the value for Dq is quite large. This large 10Dq 

value gives, almost exclusively, low spin arrangements of electrons. Low spin refers to the filling 

of the lowest d orbitals completely according to the Aufbau principle. In complexes with small 

values of 10Dq, the electron pairing energy is sometimes sufficiently large to direct filling of the 

higher d orbitals before completely filling the lower. Figure 1.6 shows the crystal field diagram 

of both low and high spin arrangements. 

 

 

Figure 1.6: General ligand field diagrams demonstrating high and low spin arrangements of a d6, octahedral 

complex. 

 

The third excited state to consider is known as metal-centered transitions, or d-d states. 

These transitions involve promotion of an electron from the t2g orbitals to the eg orbitals within 

the same metal center. These transitions are LaPorte forbidden, which refers to the forbidden 

nature of transitions between two orbitals which conserve symmetry with respect to an inversion 

center (gerade-gerade or ungerade-ungerade transitions). The are weakly absorbing excited states 
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but play a significant role in the deactivation of other excited states through nonradiative decay.1, 

4, 6-8 

As a representative example, the complex Ru(bpy)3
2+ is the most widely studied and 

understood MLCT model. This complex is a d6, low spin complex whose localized MLCT 

character is described in Eq. 1.12.		

	

(1.12)	

 

 

In order to better visualize the processes involved with MLCT, LC, and d-d excited 

states, it is helpful to view these transitions within a molecular orbital (MO) diagram. Figure 1.7 

gives a general MO diagram for the Ru(bpy)3
2+ model system. 

 

 

 

Figure 1.7: MO diagram of Ru(bpy)3
2+. Dashed arrows represent MLCT (blue), LC (red), and d-d (green) 

transitions. 
 
  

ℎν	
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The nature of the lowest energy transition, of the three presented above, is highly 

dependent on the strength of the ligand field and magnitude of 10Dq. When the ligand set is kept 

constant, the effect of the metal ion present is readily apparent in Figure 1.8. In first-row 

transition metals, like Fe(II), the ligand field splitting is relatively small, and d-d transitions are 

lowest in energy. In large ions of the same group, Ru(II) and Os(II), the splitting is great such 

that the MLCT is now lowest. When metal ions of higher oxidation states are used, this splitting 

is even greater, now resulting in LC transitions being lowest.9 

 

 

Figure 1.8: Energy level diagram representing relative ligand field splitting between various d6 polypyridyl 
complexes. Adapted from source.10 

 

Other than the simple orbital nature of the excited states of interest, the second important 

aspect to their behavior is the electron spin associated with them. In the case of most inorganic 

complexes to the two spin states of most importance are the singlet and the triplet. A singlet state 

possess an overall spin quantum number s = 0, and contains no electrons of unpaired spins. A 

triplet state has a spin quantum number of s = 1, and has two unpaired electrons. Figure 1.9 

shows the Ru(bpy)3
2+ MO diagrams with electrons demonstrating singlet and triplet 

arrangements. 
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Figure 1.9: Singlet (left) and triplet (right) MLCT states of Ru(bpy)3
2+. 

 

 

The reason for the importance of spin on the excited state properties is the spin selection 

rule. As discussed in Chapter 1, allowed transitions within a molecule must conserve the spin 

state. Because of this, singlet-to-triplet and triplet-to-singlet transitions are formally forbidden. 

Low-spin complexes of d6, with an even number of d electrons, have a ground state which is a 

singlet. This means that any efficient absorption involves the generation of a singlet excited state. 

In order to take advantage of the triplet excited states of these complexes, another factor must be 

incorporated that allows for efficient generation of the forbidden excited states. This factor is 

known as spin-orbit coupling (SOC). From a group theory standpoint, the SOC operator (λ) 

transforms as the rotations of the molecular point group. As long as the direct product of the state 

term symbols transforms as these rotations, SOC can exist. The amount of SOC interaction 

possible is also proportional to the SOC constant (ξ), which is also proportional to the atomic 

number and nuclear charge of the atom. For 2nd and 3rd row transition metal complexes, like Ru, 
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Re and Ir, the SOC is quite strong and results in near unity conversion of all excited singlets into 

the triplet manifold. Figure 1.10 gives the Jablonski diagram for the model Ru(bpy)3
2+. 

 

Figure 1.10: Jablonski diagram of Ru(bpy)3
2+. 

 

The overall effect of SOC is to relax the spin selection rule by mixing singlet and triplet 

states into states with less formally defined spin states. In a more generalized view, an electron’s 

acceleration near a large nuclear charge produces a magnetic field. This field is then sufficient 

enough to effect the spin magnetic moment of the electron, and give the “spin-flip” from singlet 

to triplet or vice versa.11 
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1.4. Mixing of Excited States by Configuration Interaction 

Though it is possible to specify the nature of excited states based on the molecular 

orbitals associated with the transition, in reality, the excited states viewed by spectroscopy do not 

fit these pure definitions. Excited state manifolds tend to mix and generate states which possess 

properties that are an admixture of their constituent parts. One mechanism through which this 

mixing is possible is known a configuration interaction (CI). In order to better understand CI, we 

will call back to the simple MO diagrams of homonuclear diatomic molecules (Figure 1.11). 

Stated simply, the mixing of individual atomic orbitals (AOs) produces the first-order MO in 

which only the mixing of orbitals of the same type is considered. However, a second-order MO 

can be generated by considering the ability of orbitals of different origin (2s and 2p) to have a 

positive linear combination. The consequence of this second-order mixing is energetic shifting of 

the orbitals formed by the first-order mixing.6 
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Figure 1.11: MO diagram of general homonuclear diatomic displaying first-order AO mixing (right) and with CI 
correction (left). Adapted from source.6 

 

Inorganic complexes can also feature this type of second-order mixing of orbitals. As 

long as orbitals are close in energy and symmetry matched, CI can produce orbitals that possess 

the character of both source states. A model example of this is fac-Ir(ppy)3. If we make the 

assumption that the ppy ligand behaves as C2v, as previous studies have, on the basis that the 

HOMO and LUMO orbital surfaces are sufficiently analogous to that of a bpy ligand, we can 

consider the correlation diagram presented in Figure 1.12. 
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Figure 1.12: Correlation diagram of metal dπ and ligand π orbitals in C2V-simplified single-ligand-localized model 
of Ir(ppy)3. Adapted from source.12 

 

With the lowest 3MLCT transition coming from the dxy orbital, the symmetry of that 

transition becomes 3B2. Because the lowest π orbital of the ppy is of the same symmetry, the 3LC 

transition possess the same symmetry, these two transitions can now mix by CI and produce a 

lowest triplet excited state that has been described by Miki and Nozaki as an admixture of 

3MLCT character into the 3LC state.12 
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1.5. Thermal Activation and Equilibrium of Excited States 

A powerful tool in the examination of close-lying excited states is the manipulation of 

temperature. In order to begin the discussion of thermal processes between excited states, the 

simple Arrhenius equation for the rates of reactions is presented (Eq. 2.2). 

      (2.2) 

In this equation, the rate of a chemical process is related to temperature, as well as the activation 

energy, Ea. In a typical chemical reaction, the magnitude of the activation energy acts to slow the 

rate of the reaction. When applied to photophysical processes, there is no barrier of activation to 

consider, therefore the Ea is representative solely of the energy gap between excited states. 

Taking advantage of this, the Arrhenius equation and subsequent derivations have been applied 

to the investigation of both organic and inorganic chromophores. The lifetime of the excited state 

decay can be measured as a function of temperature. One the first applications of this treatment 

was determination of the energy gaps between the individual triplet states of anthracene. At room 

temperature, the individual triplet states are essentially degenerate and grouped into one triplet 

manifold, but at lower temperatures, the relative populations of each state are controlled by 

Boltzmann considerations.13-15 

This treatment has been further applied to systems multiple triplet energy levels. In the 

benchmark Ru(bpy)3
2+, small gaps (hundreds of cm-1) were found between emissive triplet 

states.16-21 Far above this (~4000 cm-1), a separate triplet manifold was found to deactivate solely 

via nonradiative decay. Similar findings were echoed in Re(I) diiminetricarbonyl complexes by 

Demas.22 

The thermal activation and equilibrium of triplet states can result in massive extensions 

of excited state lifetime and represents a useful tool in excited state engineering. Appending 
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chromophoric subunits onto an established Ru(II) chromophore core has produced multiple 

examples of photoactive systems with remarkable properties. This work was first inspired by 

Ford23 and expanded by Tyson, Goze, and McClenaghan24-30. The general theme of these works 

is the use of the appended chromophore as a triplet reservoir, which can thermally activate back 

to the inorganic core chromophore, leading to lifetime extension. This process is known as 

thermally activated delayed photoluminescence (TADPL). 

Later work expanded these concepts with Re(I) tricarbonyl31, Pt(II) dimeric32, and Ir(III) 

cyclometalated complexes33. When the thermal activation pathway is between a triplet state and 

a singlet state, this process is then called thermally activated delayed fluorescence (TADF). 

TADF has been extensively studied in various systems such as Cu(I) complexes34-42 and 

semiconductor nanocrystal constructs.43, 44 Figure 1.13 gives Jablonski diagram representations 

of these thermally controlled processes. 

 

 

Figure 1.13: Jablonski diagrams of various thermally controlled processes between excited states. 
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1.6. Photochemical Upconversion 

Photon upconversion is the process through which light of lower energy is frequency 

converted to light of higher energy.45 In order to accomplish this with relatively low power 

irradiation, a phenomenon known as triplet-triplet annihilation (TTA) is leveraged. In TTA, two 

excited triplet molecules, known as acceptors (A), collide and one takes on the energy of the 

other. This generates one acceptor with twice the original energy and one that returns to the 

ground state. This “doubly” excited acceptor can undergo internal conversion to the lowest 

singlet manifold. This is now the emitting state, giving fluorescence at higher energy than the 

initial excitation.  

In order to efficiently generate the acceptor triplets, a sensitizer is used, also referred to as 

the donor (D). This sensitizer has typically been a chromophore which utilizes ISC to form the 

triplet excited state near unity. This sensitizer and an acceptor undergo triplet-triplet energy 

transfer (TTET) to give the acceptor triplet population. Figure 1.14 gives a generalized energy 

level diagram for the process of photochemical upconversion. 

 

Figure 1.14: Generalized energy level diagram describing the process of photochemical upconversion. 
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The first upconversion was described in 1962 by Parker and Hatchard.46, 47 Since then 

extensive research has been performed to elucidate the dynamics involved with upconversion, as 

well as well-performing sensitizers and acceptors.45, 48-62 The work in this Dissertation pertaining 

to upconversion focuses heavily on the sensitizer portion of the process. Therefore, it is pertinent 

to discuss the necessary features of a good upconversion sensitizer. First, the ISC must be highly 

efficient to form triplets. Second, the triplet excited state must be long-lived and energetically 

higher than the triplet of the acceptor. This allows for efficient TTET from sensitizer to acceptor. 

Third, the sensitizer must absorb strongly in the visible region of the spectrum, such that 

applications to solar energy technologies are viable. Other considerations include high stability 

of the sensitizer in solution.45 Figure 1.15 demonstrates visually the upconverted emission of 

9,10-diphenylanthracene (DPA) from excitation of the Ru(dmb)3
2+ sensitizer with a 532 nm laser 

pointer. 

 

 

Figure 1.15: Digital photograph of upconverted emission of DPA (blue-purple) from excitation of Ru(dmb)3
2+ 

sensitizer with 532 nm laser pointer. 
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In the process of upconversion, the final anti-Stokes emission is derived from two excited 

triplets. Because of this, the upconverted emission intensity is usually quadratically-dependent 

on the excitation power. However, there have been examples of upconversion systems with high-

efficiency that have linear power dependence. This highly desirable regime has typically been 

achieved with high power coherent excitation, but examples exist using noncoherent sources.63 
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1.7. Spectroscopic Tools 

1.7.1. Electronic Absorption Spectroscopy 

The general principle behind the measurement of electronic absorption spectra, using a 

ultraviolet-visible (UV-vis) spectrophotometer, is the comparison of the intensity of light after it 

is passed through the sample, I, to the intensity of the source light used, I(0). In a typical UV-vis 

instrument, the light is sourced from two different lamps, the visible region of the spectrum from 

a tungsten filament and the ultraviolet region from a deuterium lamp. These two light sources are 

combined, passed through a monochromator, then split into two beams, with one directed 

through the sample and into a detector, and the other through a reference sample and into a 

separate detector. These two separate beam paths represent the two light intensity values 

discussed above, I and I(0), respectively. Figure 1.16 gives a general schematic of a typical UV-

vis spectrophotometer. 

 

Figure 1.16: General schematic of a UV-vis spectrophotometer, adapted from source.64 
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The value of transmittance (T) is calculated from the ratio of intensities (I(0)/I). This 

transmittance value is then used to calculate the absorbance (A) by the relationship given in Eq. 

1.13. 

      (1.13) 

The value of absorbance for a particular sample is directly related to the concentration of the 

absorbing species. The amount of light that a molecule can absorb of a given wavelength is 

known as the molar absorptivity, or the extinction coefficient (ε), with units of M-1cm-1. Using 

the molar absorptivity, the concentration of the sample (c), and the pathlength of the light 

passing through the sample (l), an expression can be put together which directly relates 

absorbance to concentration. This expression is known as the Beer-Lambert law (Eq. 1.14).1, 2  

     (1.14) 

The extinction coefficient is a value that is unique to a molecule, is dependent on 

wavelength, and varies with solvent. The measurement of extinction coefficient involves 

recording absorbance spectra of multiple samples of varying concentration. By plotting the value 

of the absorbance at a particular wavelength as a function of concentration, a linear slope can be 

calculated, which, in a 1 cm pathlength cuvette, is the extinction coefficient (M-1cm-1). Important 

information can be garnered from the magnitude of the extinction coefficients of different 

absorbance bands, in particular the allowedness of the transition. Highly allowed transitions, 

such as S0→S1(π→π*), typically have large extinction coefficients (>104 M-1cm-1). Forbidden 

transitions, like S0→T1, are typically many orders of magnitude less.2 For CT transitions, which 

are LaPorte allowed, the singlet transitions can be fairly intense absorbing (~14,500 M-1cm-1 for 

Ru(bpy)3 in aqueous solution). The triplet charge transfer absorbances can also be detected in 
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some cases but is extremely weak due to the spin forbidden nature (~600 M-1cm-1 for Ru(bpy)3 in 

aqueous solution). 

1.7.2. Photoluminescence (PL) Spectroscopy 

In order to record steady-state PL spectra, a fluorimeter is used. In a typical fluorimeter, 

light from a xenon arc lamp is first passed through a monochromator in order to select a 

particular wavelength of excitation. Part of this beam is split and directed towards a reference 

detector in order to quantify the intensity of the excitation. The excitation beam is directed into 

the sample, which generates the excited states to be measured. At 90° to the excitation path, the 

emitted photons from the sample are collected and passed through a second monochromator, and 

then on to a photomultiplier tube (PMT) used as the detector. For an emission spectrum, the 

monochromator on the excitation side of the experiment is fixed, while the monochromator on 

the detector side scans across a range of wavelengths. The PMT records the intensity of photons 

of each wavelength, giving the full spectrum of the PL. An excitation spectrum can also be 

recorded in the opposite manor, which gives the intensity of the PL of a particular wavelength as 

a function of the excitation wavelength. The excitation spectrum is important as it verifies that 

the emission spectrum recorded is invariant of the excitation wavelength (Kasha’s Rule), and that 

it mirrors the absorbance spectrum of the sample. In the case of emission spectra of multiple 

bands, excitation spectra can be used to elucidate whether the multiple bands come from the 

same species in the sample (dual- or multiple emission), or if some other emissive species or 

impurity is present in the sample. Figure 1.17 gives a schematic of typical steady-state 

fluorimeter.3 
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Figure 1.17: General schematic of a steady-state fluorimeter, adapted from source.3 

1.7.3. Time-Resolved Spectroscopy 

With the use of nanosecond pulsed excitation sources (for example, an Nd:YAG laser 

excitation in our laboratory), it is possible to record both PL and absorption spectra with 

controlled time resolution. For time-resolved PL, a laser excitation source excites the sample at 

90° to the detector slit. In order to observe the spectrum as a snapshot in time, the emitted 

photons are passed into an intensified charge-coupled device (iCCD) camera. This camera is able 

to collect the intensity of photons across the entire visible region at once. Time-resolution is 

obtained by varying the delay between the laser excitation pulse and the shutter of the iCCD 

camera. By monitoring the PL spectrum as a function of time, a number of observations can be 

made. One is the symmetric decay of the entire spectrum over the course of time, indicating that 
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the entire emission envelope comes from the same excited state. Another possible observation is 

multiple emitting states of varying lifetimes. An early emission profile can be separated from a 

long-lived process by measuring at early and late delay times. Figure 1.18 gives a schematic of a 

typical time-resolved PL experiment. 

 

Figure 1.18: General schematic of a time-resolved PL experiment, adapted from source.65 

 

Time-resolved spectra are not the only data set possible from this apparatus. If instead of 

an iCCD camera, the emitted light is passed through a monochromator and into a PMT, the 

intensity of the emission at a particular wavelength as a function of time can be measured. By 

fitting this data set with the single exponential function (in the case of a single emissive state), as 

described in Eq. 1.11, the lifetime of the excited state can be determined. 

By applying similar concepts of time-resolution to absorption experiments, it is possible 

to record transient absorption (TA) difference spectra. After a pulsed excitation pump beam 

generates a population of excited states, a xenon arc lamp then probes the absorption spectrum of 

the excited state. This gives the moniker “pump-probe” spectroscopy. This powerful technique 
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allows the observation of specific absorption band structures of the excited state, as well as 

gleaning kinetic information. Figure 1.19 gives a schematic of a typical transient absorption set-

up. 

 

Figure 1.19: General schematic of a transient absorption experiment, adapted from source.65 

 

The spectral data obtained in a TA measurement is referred to as a difference spectrum. 

This is because, in the course of the experiment, two separate absorption spectra are obtained at a 

specific time delay, one of the ground state molecules (with no excitation), and one of the system 

containing an excited state population. Because the size of the excited state population with 

respect to the ground state population is small, the ground state spectrum must be subtracted 

from the excited state spectrum, providing the difference spectrum. In a difference spectrum, 

features with positive values are absorbed by the excited-state population, while negative values 

correspond to the depletion of the ground-state population, often referred to as a “ground-state 

bleach”. Similar to time-resolved PL, single wavelength kinetics can be obtained via detection by 

the PMT, giving decay curves corresponding to specific absorption features of the excited state. 
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For time ranges down to 10-15 ns, the necessary delays between the laser pulse, probe 

lamp and detection system are generated using electronic circuits. However, in order to generate 

time-resolution that is sub-ns, more elaborate experimental systems are required. For those 

experiments, commonly referred to as ultrafast TA, the speed at which light travels, 

approximately 1 ft/ns, is leveraged to provide the pump-probe time delay. 

In ultrafast TA, the pump and probe light beams are sourced from the same laser, a 

Coherent Libra Ti:Sapphire regenerative amplifier (800 nm; 100 fs fwhm; 1 kHz; 4 mJ/pulse). 

The output of this laser is split into two pathways. One path leads to an optical parametric 

amplifier (OPerA Solo) which is used to tune the beam to the desired excitation (pump) 

wavelength. This is then directed through an optical chopper, which blocks every other pump 

pulse, and then passes to the sample. The second path takes the beam through an optical delay 

line, capable of generating delays up to ~6 ns. After delay, it is passed through a CaF2 white light 

generating crystal to form the final probe beam. By overlapping these two beams in the sample 

and generating various time delays using different lengths of the optical delay line, the TA 

difference spectrum can be recorded down to sub-picosecond (ps) time resolution. Figure 1.20 

gives the general schematic of the ultrafast TA experiment currently used in our laboratory.31, 66 
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Figure 1.20: General schematic of an ultrafast transient absorption experiment, adapted from source.65 
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1.8. General Introductory Remarks 

The work presented in this Dissertation is divided into three Chapters, each 

encompassing a different project theme. In Chapter 2, the synthesis and photophysics of a new 

series of rhenium(I) diiminetricarbonyl complexes with arylisocyanides is presented. These 

complexes feature complex mixed excited states of both LC and MLCT character. Chapter 3 

presents a new series of Ir(III) cyclometalate complexes of arylisocyanides with interesting 

photophysics originating from predominantly LC states. Finally, Chapter 4 presents the work 

performed in a collaborative project with the Milsmann group, studying a new Zr(IV) complex 

which exhibits excited states with LMCT character and TADF processes. The complex also 

shows extreme promise for applications like photocatalytic organic transformations as well as 

photochemical upconversion. 
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Chapter 2: Photophysical Processes in Rhenium(I) 

Diiminetricarbonyl Arylisocyanides Featuring Three 

Interacting Triplet Excited States 

 

*A portion of this Chapter has been published: Favale, J. M.; Danilov, E. O.; Yarnell, J. E.; 

Castellano, F. N. Inorg. Chem. 2019, 58, 8750-8762. 

 

2.1. Introduction 

For approximately 4 decades, fac-Re(I) diiminetricarbonyl complexes have drawn 

considerable attention and experimental investigation.1-15 These chromophores have potential 

applications in a variety of photonics-relevant technologies including solar energy conversion, 

photochemical transformations, photocatalytic carbon dioxide and proton reduction, 

photoluminescent molecular devices, and photoluminescence (PL) sensing of numerous 

analytes.16-29 These attributes result from their low-energy visible-light absorption properties 

with corresponding long excited-state lifetimes suitable for sensitizing myriad intramolecular and 

bimolecular electron- and energy-transfer reactions.  

The luminescence of this family of complexes was first reported by Wrighton and Morse 

in 19741. Since then, extensive investigation has concluded that the vast majority of 

chromophores in the particular rhenium(I) tricarbonyl family possess lowest-lying excited states, 

which are predominantly metal-to-ligand charge transfer (MLCT) in nature. This manifests in 

broad, featureless emission spectra that are highly dependent on environmental factors such as 
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the solvent polarity. In these MLCT complexes, the examination of the nonradiative decay rate, 

knr, as a function of the energy of the MLCT, determined from PL energies, absorption maxima, 

and metal oxidation potentials, as shown to follow the energy gap law.30 This law states that the 

logarithm of knr decrease linearly with the increase in the excited state energy. Manipulation of 

the MLCT energy was achieved through methodical functionalization of the Re(I) diimine 

tricarbonyl core with various ancillary ligands of varying ligand field strength, effectively tuning 

the highest occupied molecular orbital (HOMO) energy while maintaining the lowest unoccupied 

molecular orbital (LUMO) energy of the bpy π orbitals as constant. The energy gap law 

relationship of Re(I)-bpy complexes is shown in Figure 2.1. 

 

 

Figure 2.1: Energy gap law relationship of ln(knr) and PL energy in [Re(bpy)(CO)3(L)]+ complexes. Adapted from 

Meyer30 

 

It is also possible for low-energy ligand-centered (LC) excited states to be present in 

these molecules lying in close energetic proximity to the MLCT states. This has been observed in 

complexes featuring 1,10-phenanthroline (phen) as the diimine ligand.2, 8 The phen moiety 

lowers the LUMO with respect to that of bpy, allowing LC states to become accessible. Any 
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possible thermal equilibrium or activation between these closely lying states may lead to 

beneficial consequences, including dramatic extension of the original MLCT excited-state 

lifetime. The vast majority of previous studies have focused on tuning of the MLCT states 

through manipulation of the LUMO energetics directly resulting from structural modifications in 

the appended diimine ligand. It is important to note that through temperature-dependent 

investigations, the proximity and ordering of multiple excited states resident in these 

chromophores can be readily elucidated.2, 6-8, 11, 12, 14, 31 Figure 2.2 depicts this temperature 

dependence and uncovering of close-lying LC states through manipulation of the medium. 

 

Figure 2.2: PL spectra of Re(phen)(CO)3(CH3CN)+ complex at varying temperatures and excitation wavelength. 
Top gives the spectra at room temperature and 77 K when excited in the MLCT transition at 410 nm. Middle gives 

the various temperature PL spectra when excited into the LC transitions at 250 nm. Bottom shows the free phen 
ligand phosphorescence at 77 K. Adapted from Wrighton.2 
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To date, a variety of ancillary ligands have been incorporated in these rhenium(I) 

diiminetricarbonyl frameworks to systematically modulate excited-state decay properties, 

leveraging deterministic energy gap law behavior.30, 32 These ancillary substitutions include the 

incorporation of halides,1, 3, 4 pyridine and piperidine,2, 6, 7, 11, 12 and of particular significance to 

the present work, isocyanides.8, 13, 33-36 Isocyanide ligands, featuring both alkyl and aryl 

substituents, serve as strong σ-donors and good π-acceptors, similar to that imposed by carbon 

monoxide (CO).37-39 Therefore, isocyanides impart a strong ligand field to the rhenium(I) center 

while offering the opportunity for deliberately installing organic subunits with meaningful 

variation in their singlet and triplet excited-state energies. Extensive work into perturbation of 

the photophysical properties of rhenium(I) isocyano complexes has been performed, via 

substituent modification on simple arylisocyanide (CNAr) ligands and the number of isocyano 

versus carbonyl ligands on the complex.33 These studies have found that the photophysical 

behavior of such complexes is dependent on the dπ(Re)–ππ*(diimine) MLCT, with the electronic 

influence of the isocyanide playing an ancillary role in the energetics of this excited state. It is 

noted that further functionalization of the isocyanide provides a route to a more drastic 

modification of the properties of these rhenium(I) complexes. Such molecules are potentially 

valuable for driving catalytic transformations initiated through triplet-triplet energy transfer as 

has been recently discovered.40, 41 Beyond Re(I) complexes, isocyanide ligands have been 

employed as ancillary ligands in other photophysically active systems. Most of these are derived 

from Ir(III) cyclometalate archetypes and all feature bright phosphorescence across the visible 

spectrum from a predominantly 3LC state, depending on the cyclometalate chosen.42-46 Further 

utilization of isocyanides has come in the form of homoleptic complexes of Group VI metals, 

where the isocyanide is the chromophoric ligand and the photophysics are dominated by pure 
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3MLCT.47-49 Due to their utilization primarily as an ancillary ligand, the photophysical properties 

of lower energy arylisocyanide moieties have rarely been explored in Re(I). 

The current work focuses on varying the π-conjugation length in the ancillary CNAr ligand fused 

to the rhenium(I) tricarbonyl 1,10-phenanthroline (phen) template to yield metal-organic 

chromophores of the generic molecular formula [Re(phen)(CO)3(CNAr)]+ (Re1–Re4 in Figure 

3.5) featuring long-lived and highly energetic excited-state properties. All of these molecules 

have been photophysically investigated using static and dynamic spectroscopic techniques, the 

latter probed from ultrafast to suprananosecond time scales using transient absorption (TA) and 

PL. Electronic structure calculations utilizing density functional theory (DFT) and 

time-dependent DFT (TD-DFT) methods have been performed on this series of chromophores to 

support the experimental spectroscopic assignments. The combined experimental and 

computational evidence illustrates that the CNAr subunit in Re2–Re4 was actively engaged in 

manipulating the excited-state decay in these molecules, wherein the 3MLCT and two distinct 

3LC excited-state configurations (phen and CNAr) conspire to produce the resultant 

photophysical properties. 
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2.2. Experimental 

General Procedures. All reagents and solvents used in the synthetic procedures were obtained 

from commercial sources and used as received, unless otherwise noted. 1H and 13C NMR spectra 

were recorded on a Varian Innova 400 MHz spectrometer with working frequencies of 400 and 

100 MHz for 1H and 13C NMR, respectively. All NMR spectra were plotted and processed using 

the MestReNova software, version 10.0.2. High-resolution ESI-MS data were measured at the 

Michigan State University Mass Spectrometry and Metabolomics Core (Waters Xevo G2-XS 

QTOF). All NMR and HS-MS data can be found in the Appendix to this chapter. Electronic 

absorption spectroscopic measurements were recorded on a Shimadzu UV-3600 

spectrophotometer in 1 cm quartz cuvettes with spectrophotometric grade THF as the solvent. 

Steady-state emission measurements were made on an FS-980 fluorimeter (Edinburgh 

Instruments) fitted with a 450 W xenon arc lamp and a PMT detector in sealable 1 cm quartz 

cuvettes designed for air-free handling.      

Ultrafast TA Spectroscopy. Time-resolved TA measurements were performed at the NCSU 

Imaging and Kinetic Spectroscopy Laboratory in the Department of Chemistry. Subpicosecond 

absorption transients were detected using a Helios TA spectrometer from Ultrafast Systems. A 

portion of the output from a 1 kHz Ti:sapphire Coherent Libra regenerative amplifier (4 mJ; 100 

fs fwhm at 800 nm) was split into the pump and probe beams. The probe beam was delayed in a 

6 ns optical delay stage while the pump beam was directed into an optical parametric amplifier 

(Coherent OPerA Solo) to generate tunable excitation. These measurements were performed 

according to previously published methods.50, 51 
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Nanosecond TA Spectroscopy, Time-Resolved PL, and Time-Gated PL Spectroscopic 

Measurements. Nanosecond TA measurements and time-gated PL spectra were collected with a 

LP920 laser flash photolysis system (Edinburgh Instruments) using, for excitation, a Minilite 355 

Nd:YAG (Continuum). TA difference and PL spectra were collected using an iStar ICCD camera 

(Andor Technology), controlled by the LP900 software (Edinburgh Instruments). Emission 

decay kinetics were measured using Minilite 355 Nd:YAG (Continuum) excitation and collected 

using an apparatus described previously.52 All samples were prepared air-free in a glovebox and 

sealed in sealable 1 cm quartz cuvettes. 

Triplet Sensitization of Free Ligands. In order to obtain free-ligand triplet TA spectra, a 

sensitizer was added (to achieve an o.d. at excitation of ~0.2) to saturated solutions of the free 

ligands is THF. All preparation was done air-free in a glovebox. For the phen and isocyanide 

ligands of Re2, benzophenone was used as the sensitizer and excited at 355 nm. For the 

isocyanide ligands of Re3 and Re4, thioxanthone was used as the sensitizer and excited at 410 

nm using the Vibrant 355 Nd:YAG/OPO (OPOTEK). For the spectra of all isocyanide ligands, 

TFA (~10%) was added to mimic the Lewis acid effect of complexation. 

DFT Calculations. The calculations utilized in this study were performed using the Gaussian 09 

software package (revision D.01)53 and the computation resources of the NCSU High 

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

performed using the M06 functional,54 along with the def2-SVP basis set of Aldrich’s group as 

implemented in Gaussian 09.55 The Stuttgart-Dresden effective core potentials56 were used to 

replace the core electrons in rhenium for all calculations.  The polarizable continuum model 

(PCM) was used to simulate the THF solvent environment for all calculations.57 Frequency 

calculations were performed on all optimized structures and no imaginary frequencies were 
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obtained. The TD-DFT calculations were performed using the same conditions as those 

described for the geometry optimizations.58-60 The energy and oscillator strengths were computed 

for each of the 50 lowest singlet excitations and 10 lowest triplet excitations. The natural 

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

5.0.61 
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Figure 2.3: General synthetic pathway of bromination and aniline protection. 

 

Synthesis of 4-Bromo-2,6-diisopropylaniline (3). Prepared based on previously published 

procedure,62 2,6-diisopropylaniline (1) (20 mL, 0.106 mol) was dissolved in 

dichloromethane/methanol (1:1 v/v, 100 mL). To this stirring solution, a solution of Br2 (5.5 mL, 

0.108 mol) was added dropwise via addition funnel. The reaction was stirred at room 

temperature for 12 h and the solvent was evaporated. The solid product was dissolved in a 
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minimal amount of dichloromethane and recrystallized by layered addition of hexanes, yielding 

pure 4-bromo-2,6-diisopropylaniline hydrobromide (2) as a white crystalline solid, which was 

used as obtained.  

This solid was added to a solution of 20% aqueous NaOH (50 mL) and stirred for 2 h. This 

solution was extracted with diethyl ether (3 x 50 mL) and the combined extracts were washed 

twice with saturated sodium bicarbonate solution and dried with sodium sulfate. Filtration and 

evaporation of the solvent yielded the product as a pure oil. Yield: 19.65 g, 72%. 1H NMR (400 

MHz, CDCl3): δ 7.19 (d, 2H, J = 6.8 Hz), 3.71 (br s, 2H), 2.91 (sep, 2H, J = 6.8 Hz), 1.30 (d, 

12H, J = 6.8 Hz).  

Synthesis of N-formyl-2,6-diisopropylaniline (4). Prepared based on previously published 

procedure,47 in a 500 mL round bottomed flask, acetic anhydride (40 mL) was cooled to 0 °C and 

formic acid (20 mL) was added dropwise via syringe. This solution was warmed with stirring to 

50 °C for 2 h then cooled back to 0 °C. 2,6-diisopropylaniline (1) (5 g, 28.20 mmol) was added 

via syringe and the reaction was allowed to warm to room temperature. After stirring for 1 h, the 

reaction was cooled to 0 °C and 300 mL of 0 °C DI water was added, yielding a light pink 

suspension. The solid product was vacuum filtered and washed with 1 L of DI water. The solid 

was dried under vacuum overnight to yield pure product as an off-white solid. Yield: 5.46 g, 

94%. 1H NMR (400 MHz, CD2Cl2): Mixture of isomers. δ 8.47 and 8.01 (m, 1H), 7.36–7.29 (m, 

1H), 7.21 (m, 1H), 7.19 and 6.81 (m, 1H), 3.27–3.06 (m, 2H) 1.20 (m, 12H).  

Synthesis of N-formyl-4-bromo-2,6-diisopropylaniline (5). Prepared based on previously 

published procedure,47 in a 500 mL round bottomed flask, acetic anhydride (40 mL) was cooled 

to 0 °C and formic acid (20 mL) was added dropwise via syringe. This solution was warmed 

with stirring to 50 °C for 2 h then cooled back to 0 °C. 4-bromo-2,6-diisopropylaniline (3) (5 g, 
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19.517 mmol) was added via syringe and the reaction was allowed to warm to room temperature. 

After stirring for 1 h, the reaction was cooled to 0 °C and 300 mL of 0 °C DI water was added, 

yielding a light pink suspension. The solid product was vacuum filtered and washed with 1 L of 

DI water. The solid was dried under vacuum overnight to yield pure product as an off-white 

solid. Yield: 5.32 g, 96%. 1H NMR (400 MHz, CD2Cl2): Mixture of isomers. δ 8.39 and 7.96 (m, 

1H), 7.32 and 7.30 (m, 2H), 7.04 and 6.82 (br s, 1H), 3.17 and 3.05 (m, 2H), 1.17 (m, 12H).  
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Figure 2.4: General synthetic pathway of coupling reactions. 

 

Synthesis of N-formyl-4-phenyl-2,6-diisopropylaniline (6b). In a 100 mL two-necked round 

bottomed flask, fitted with a reflux condenser, N-formyl-4-bromo-2,6-diisopropylaniline (5) (750 

mg, 2.64 mmol), phenylboronic acid (355 mg, 2.91 mmol), palladium(II) acetate (40 mg), 

triphenylphosphine (80 mg), and cesium carbonate (2.5 g) were degassed via vacuum and 



 50 

nitrogen backfill cycles at least 3 times and placed under positive pressure N2. To the solids, a 

bubble degassed solvent mixture of 80 mL tetrahydrofuran and 5 mL DI water was added and 

brought to reflux at 75 °C for 24 h. After cooling to room temperature, the reaction solution was 

passed through a celite plug washed with a small amount of dichloromethane and the filtrate was 

washed with saturated sodium bicarbonate solution. The organic layer dried and evaporated 

yielding an off-white solid, which was recrystallized from dichloromethane and pentane. Yield: 

520 mg, 70% 1H NMR (400 MHz, CD2Cl2): Mixture of isomers. δ 8.47 and 8.06 (m, 1H), 7.60 

(m, 2H), 7.48-7.32 (m, 5H), 6.89 and 6.83 (m, 1H), 3.28 and 3.16 (m, 2H), 1.26 (m, 12H).  

Synthesis of N-formyl-4-phenylethynyl-2,6-diisopropylaniline (6c). In a 50 mL two-necked 

round bottomed flask, N-formyl-4-bromo-2,6-diisopropylaniline (5) (500 mg, 1.76 mmol), 

Pd(PPh3)2Cl2 (25 mg), triphenylphosphine (10 mg) and copper (I) iodide (3 mg) were 

deoxygenated via vacuum and nitrogen backfill cycles at least 3 times and placed under positive 

pressure N2. To this flask, bubble degassed triethylamine (20 mL) was added via syringe and all 

solids allowed to dissolve. Phenylacetylene (0.2 mL, 1.82 mmol) was added via syringe and the 

reaction heated to 65 °C for 12 h. After cooling to room temperature, the reaction mixture was 

poured over a silica plug and eluted with diethyl ether. Evaporation of solvent and drying under 

vacuum overnight yielded product as an off-white to yellowish solid. Yield: 378 mg, 74%. 1H 

NMR (400 MHz, CD2Cl2): Mixture of isomers. δ 8.45 and 8.00 (m, 1H), 7.56 (m, 2H), 7.38 (m, 

5H), 6.86 and 6.78 (m, 1H), 3.22 and 3.09 (m, 2H), 1.23 (m, 12H).  

Synthesis of N-formyl-4-biphenyl-2,6-diisopropylaniline (6d). In a 100 mL two-necked round 

bottomed flask, fitted with a reflux condenser, N-formyl- 4-bromo-2,6-diisopropylaniline (5) 

(775 mg, 2.73 mmol), 4-biphenylboronic acid (560 mg, 2.83 mmol), palladium(II) acetate (40 

mg), triphenylphosphine (80 mg), and cesium carbonate (2.5 g) were degassed via vacuum and 
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nitrogen backfill cycles at least 3 times and placed under positive pressure N2. To the solids, a 

bubble degassed solvent mixture of 80 mL tetrahydrofuran and 5 mL DI water was added and 

brought to reflux at 75 °C for 24 h. After cooling to room temperature, the reaction solution was 

passed through a Celite plug washed with a small amount of dichloromethane and the filtrate was 

washed with saturated sodium bicarbonate solution. The organic layer dried and evaporated 

yielding an off-white solid, which was recrystallized from dichloromethane and pentane. Yield: 

685 mg, 70% 1H NMR (400 MHz, CD2Cl2): Mixture of isomers. δ 8.45 and 8.07 (m, 1H), 7.71–

7.65 (m, 6H), 7.50–7.45 (m, 4H), 7.40–7.35 (m, 1H), 6.96 and 6.87 (m, 1H), 3.29 and 3.18 (m, 

2H), 1.28 (m, 12H).  
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Figure 2.5: General synthetic pathway of free isocyanide formation. 

Synthesis of 2,6-Diisopropylphenylisocyanide (7a). Prepared based on previously published 

procedure,47 in a 250 mL round bottomed flask, N-formyl-2,6-diisopropylaniline (4) (1g, 4.87 

mmol) was dissolved in 50 mL of dichloromethane and cooled to 0 °C. Diisopropylamine (2.5 

mL) was added via syringe followed by POCl3 (0.6 mL), added dropwise over 20 min. The 

reaction was allowed to warm to room temperature and stirred for 2 h. A concentrated solution of 

Na2CO3 was added to the reaction mixture and the biphasic mixture was rigorously stirred 

overnight. The organic layer was separated, washed with sodium bicarbonate solution and 



 52 

evaporated. The desired product was purified on a silica column eluted with dichloromethane. 

Yield: 474 mg, 52%. 1H NMR (400 MHz, CDCl3): δ 7.33 (t, 1H, J = 7.8 Hz), 7.18 (d, 2H, J = 7.8 

Hz), 3.38 (sep, 2H, J = 6.9 Hz), 1.27 (d, 12H, J = 6.9 Hz). FTIR (ATR, cm-1): υCN = 2113 (s)  

Synthesis of 4-Phenyl-2,6-diisopropylphenylisocyanide (7b). In a 250 mL round bottomed 

flask, N-formyl-4-phenyl-2,6-diisopropylaniline (6B) (1g, 3.80 mmol) was dissolved in 50 mL of 

dichloromethane and cooled to 0 °C. Diisopropylamine (2.5 mL) was added via syringe followed 

by POCl3 (0.6 mL), added dropwise over 20 min. The reaction was allowed to warm to room 

temperature and stirred for 2 h. A concentrated solution of Na2CO3 was added to the reaction 

mixture and the biphasic mixture was rigorously stirred overnight. The organic layer was 

separated, washed with sodium bicarbonate solution and evaporated. The desired product was 

purified on a silica column eluted with dichloromethane. Yield: 590 mg, 59%. 1H NMR (400 

MHz, CD2Cl2): δ 7.60 (m, 2H), 7.47 (m, 2H), 7.41 (m, 3H), 3.43 (sep, 2H, J = 6.9 Hz), 1.33 (d, 

12H, J = 6.9 Hz). FTIR (ATR, cm-1): υCN = 2111 (s)  

Synthesis of 4-Phenylethynyl-2,6-diisopropylphenylisocyanide (7c). In a 250 mL round 

bottomed flask, N-formyl-4-phenylethynyl-2,6-diisopropylaniline (6C) (1g, 3.27 mmol) was 

dissolved in 50 mL of dichloromethane and cooled to 0 °C. Diisopropylamine (2.5 mL) was 

added via syringe followed by POCl3 (0.6 mL) added dropwise over 20 min. The reaction was 

allowed to warm to room temperature and stirred for 2 h. A concentrated solution of Na2CO3 was 

added to the reaction mixture and the biphasic mixture was rigorously stirred overnight. The 

organic layer was separated, washed with sodium bicarbonate solution and evaporated. The 

desired product was purified on a silica plug eluted with dichloromethane. Yield: 414 mg, 44%. 

1H NMR (400 MHz, CD2Cl2): δ 7.54 (m, 2H), 7.36 (m, 5H), 3.36 (sep, 2H, J = 6.9 Hz), 1.28 (d, 

12 H, J = 6.9 Hz). FTIR (ATR, cm-1) υCN = 2115 (s), υCC = 2219 (w)  
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Synthesis of 4-Biphenyl-2,6-diisopropylphenylisocyanide (7d). In a 250 mL round bottomed 

flask, N-formyl-4-biphenyl-2,6-diisopropylaniline (6d) (1g, 2.80 mmol) was dissolved in 50 mL 

of dichloromethane and cooled to 0 °C. Diisopropylamine (2.5 mL) was added via syringe 

followed by POCl3 (0.6 mL), added dropwise over 20 min. The reaction was allowed to warm to 

room temperature and stirred for 2 h. A concentrated solution of Na2CO3 was added to the 

reaction mixture and the biphasic mixture was rigorously stirred overnight. The organic layer 

was separated, washed with sodium bicarbonate solution and evaporated. The desired product 

was purified on a silica column eluted with dichloromethane. Yield: 617 mg, 65%. 1H NMR (400 

MHz, CD2Cl2): δ 7.74–7.66 (m, 6H), 7.48 (m, 2H), 7.45 (s, 2H), 7.38 (m, 1H), 3.45 (sep, 2H, J = 

6.9 Hz), 1.34 (d, 12H, J = 6.9 Hz). FTIR (ATR, cm-1): υCN = 2115 (s)  
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Figure 2.6: General synthetic pathway of Re(phen)(CO)3Cl starting material. 

 

Synthesis of Re(phen)(CO)3Cl (8). Synthesized based on previously published procedure,1 to a 

2-necked round bottomed flask with reflux condenser, solid rhenium(I) pentacarbonyl chloride 

(1.00 g, 2.76 mmol) and 1,10-phenanthroline (500 mg, 2.77 mmol) were degassed by at least two 

cycles of vacuum-N2 backfill and placed under positive N2 pressure. Freshly distilled toluene (75 

mL) was added to these solids via syringe and the reaction was heated to reflux at 115 °C for 4 h. 

After this time, the reaction was cooled to 0 °C in a freezer to induce precipitation. The solids 
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were filtered and washed with excess toluene and dried under vacuum to yield pure yellow solid 

product. Yield: 1.28 g, 95%. 1H NMR (400 MHz, CD2Cl2): δ 9.38 (dd, 2H, J = 5.1, 1.4 Hz), 8.61 

(dd, 2H, J = 8.2, 1.4 Hz), 8.07 (s, 2H), 7.91 (dd, 2H, J = 8.2, 5.1 Hz). υCO = 2013 (s), 1886 (s). 
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Figure 2.7: General synthetic pathway of final complexes. 

 

General Synthetic Procedure for the Re-CNAr Molecules. This general preparation was 

adapted from the previously reported synthesis.13 In a two-necked 100 mL round-bottom flask 

with a reflux condenser, solid Re(phen)(CO)3Cl and silver triflate (slight excess) were purged 

with heavy N2 gas flow. To the solids, was added absolute ethanol (25 mL), and the mixture was 

sealed under N2. The mixture was protected from light and heated to 85 ˚C for 4 h. The mixture 

was then filtered hot over Celite. The filtered solution was returned to reflux and the appropriate 

isocyanide ligand was dissolved in a minimal amount of absolute ethanol and added to the reflux 

reaction via a syringe. After another 4 h. the reaction mixture was cooled and the solvent 

concentrated to ~5 mL in vacuo. This concentrated solution was added dropwise to 150 mL of 
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stirring diethyl ether, producing a solid slurry. These solids were filtered and dried to yield the 

crude product as triflate salt. This solid was dissolved in minimal methanol and recrystallized by 

addition of a saturated solution of NH4PF6 in deionized water. The pure recrystallized solid was 

filtered, washed with excess deionized water and pentane, and then dried under vacuum. 

[Re(phen)(CO)3(DippCN)]PF6 (Re1). Re(phen)(CO)3Cl (340 mg, 0.699 mmol), AgCF3SO3 

(185 mg, 0.720 mmol), and 2,6-diisopropylphenyl isocyanide (132 mg, 0.705 mmol) were used. 

Yield: 443 mg, 81%. 1H NMR (400 MHz, CD2Cl2): δ 9.46 (dd, 2H, J = 5.2 and 1.4 Hz), 8.87 

(dd, 2H, J = 8.3 and 1.4 Hz), 8.28 (s, 2H), 8.10 (dd, 2H, J = 8.3 and 5.2 Hz), 7.29 (t, 1H, J = 7.9), 

7.03 (d, 2H, J = 7.9), 2.43 (sep, 2H, J = 6.9 Hz), 0.84 (d, 12H, J = 6.9 Hz). 13C NMR (100 MHz, 

CD2Cl2): δ 191.5 (2C), 188.3, 155.0 (2C), 147.5, 146.0, 140.1, 132.0, 131.6 (2C), 129.1, 127.6, 

124.4, 30.6, 22.1. HR-MS([M-PF6]+). Calcd: m/z 636.1425. Found: m/z 636.1426. FTIR (ATR, 

cm-1): 2172 (m), 2035 (s), 1961 (sh), 1925 (s).  

[Re(phen)(CO)3(PhDippCN)]PF6 (Re2). Re(phen)(CO)3Cl (340 mg, 0.699 mmol), AgCF3SO3 

(185 mg, 0.720 mmol), and 4-phenyl-2,6-diisopropylphenyl isocyanide (187 mg, 0.710 mmol) 

were used. Yield: 444 mg, 74%. 1H NMR (400 MHz, CD2Cl2): δ 9.48 (dd, 2H, J = 5.2 and 1.4 

Hz), 8.88 (dd, 2H, J = 8.3 and 1.4 Hz), 8.29 (s, 2H), 8.11 (dd, 2H, J = 8.3 and 5.2 Hz), 7.47–7.36 

(m, 5H), 7.23 (s, 2H), 2.49 (sep, 2H, J = 6.9 Hz), 0.89 (d, 12H, J = 6.9 Hz). 13C NMR (100 MHz, 

CD2Cl2): δ 190.9 (2C), 187.8, 154.4 (3C), 146.9, 145.9, 143.8, 140.2, 139.6, 131.5, 128.9, 128.5, 

128.3, 127.1, 127.0, 122.6, 30.2, 21.6. HR-MS([M-PF6]+). Calcd: m/z 712.1738. Found: m/z 

712.1730. FTIR (ATR, cm-1): 2174 (m), 2034 (s), 1965 (sh), 1938 (s).  

[Re(phen)(CO)3(PhEthDippCN)]PF6 (Re3). Re(phen)(CO)3Cl (340 mg, 0.699 mmol), 

AgCF3SO3 (185 mg, 0.720 mmol), and 4-phenylethynyl-2,6-diisopropylphenyl isocyanide (202 
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mg, 0.703 mmol) were used. Yield: 463 mg, 75%. 1H NMR (400 MHz, CD2Cl2): δ 9.47 (dd, 2H, 

J = 5.2 and 1.4 Hz), 8.88 (dd, 2H, J = 8.3 and 1.4 Hz), 8.29 (s, 2H), 8.11 (dd, 2H, J = 8.3 and 5.2 

Hz), 7.48 (m, 2H), 7.35 (m, 3H), 7.20 (s, 2H), 2.43 (sep, 2H, J = 6.9 Hz), 0.87 (d, 12H, J = 6.9 

Hz). 13C NMR (100 MHz, CD2Cl2): δ 191.3 (2C), 188.2, 155.0 (2C), 147.5, 146.2, 140.8, 132.2, 

132.0, 129.6, 129.1, 127.6, 127.5, 126.7, 122.8, 93.0, 88.6, 30.6, 22.0. HR-MS([M-PF6]+). Calcd: 

m/z 736.1738. Found: m/z 736.1728. FTIR (ATR, cm-1): 2172 (m), 2032 (s), 1959 (sh), 1947 (s).  

[Re(phen)(CO)3(DiPhDippCN)] PF6 (Re4). Re(phen)(CO)3Cl (340 mg, 0.699 mmol), 

AgCF3SO3 (185 mg, 0.720 mmol), 4-biphenyl-2,6-diisopropylphenyl isocyanide (240 mg, 0.707 

mmol) used. Yield: 516 mg, 79%. 1H NMR (400 MHz, CD2Cl2): δ 9.48 (dd, 2H, J = 5.2 and 1.4 

Hz), 8.88 (dd, 2H, J = 8.3 and 1.4 Hz), 8.29 (s, 2H), 8.12 (dd, 2H, J = 8.3 and 5.2), 7.66 (m, 2H), 

7.62 (m, 2H), 7.56 (m, 2H), 7.45 (m, 2H), 7.36 (m, 1H), 7.29 (s, 2H), 7.03 (d, 2H), 2.43 (sep, 2H, 

J = 6.9 Hz), 0.84 (d, 12H, J = 6.9 Hz). 13C NMR (100 MHz, CD2Cl2): δ 191.5 (2C), 188.3, 155.0 

(2C), 147.5, 146.5, 143.9, 141.7, 140.8, 140.6, 138.9, 132.0, 129.4, 129.1, 128.3, 128.1, 127.6, 

127.5, 123.0 (2C), 30.8, 22.2. HR-MS([M-PF6]+). Calcd: m/z 788.2051. Found: m/z 788.2136. 

FTIR (ATR, cm-1): 2169 (m), 2035 (s), 1965 (sh), 1932 (s). 
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2.3. Results and Discussion 

Syntheses. Each of the target compounds was purified through multiple precipitations by 

dissolving the isolated product in methanol followed by treatment with aqueous NH4PF6. The 

final Re(I) complexes were structurally characterized using 1H and 13C NMR spectroscopy, high 

resolution electrospray ionization time-of-flight (ESI-TOF) mass spectrometry, as well as FT-IR 

spectroscopy. The purified molecules were determined to be both thermally and photochemically 

stable in nonhalogenated solvents, with a minor degree of photodegradation observed in 

halogenated solvents upon extended light exposure. The new molecules are soluble in a variety 

of polar organic solvents and tetrahydrofuran (THF) was selected as the solvent medium for all 

spectroscopic measurements in this contribution. 

 

Electronic Structure Calculations. Prior to the discussion of the photophysical properties of 

complexes Re1–Re4, a brief DFT-based analysis is presented. All DFT calculations were 

performed with the assistance of Dr. James Yarnell. The DFT and TD-DFT calculations were 

performed at the M06/Def2-SVP/SDD level of theory using the PCM to simulate the THF 

solvent environment. The ground-state structures for Re1–Re4 were optimized and the frontier 

molecular orbitals are presented in Figure 2.8. In all four molecules, LUMO and LUMO+1 are 

the in-phase and out-of-phase π*-orbital combinations, respectively, localized on the phen 

ligand. The energies of LUMO (−3.080 to −3.089 eV) and LUMO+1 (−2.865 to −2.872 eV) are 

also consistent across the series, demonstrating that modification of the ancillary isocyanide 

ligand does not significantly impact the electronic structure of the phen ligand. The HOMO for 

these complexes is largely localized on the CNAr ligand, but there is a significant contribution 

from the Re d-orbitals that decreases upon going from Re1 to Re4. The increase in the electronic 
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localization on the isocyanide ligand also correlates with the change in the energy where the 

HOMO energy increases from −7.274 eV (in Re1) to −6.676 eV (in Re4). HOMO−1 consists 

largely of Re d-orbital contributions with some contribution localized on the phen ligand (Re1 

and Re2) or the CNAr ligand (Re3 and Re4). 

 

 

 

Figure 2.8: Frontier molecular orbitals for Re1–Re4. Calculations were performed at the DFT//M06/Def2-
SVP/SDD level of theory. 
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Figure 2.9: (Left) Energies and composition of the lowest energy singlet transitions in Re1. (Right) The natural 
transition orbitals of transitions S0"S1, S0"S2, and S0"S3 in Re1; λ is the fraction of the hole–particle contribution 

to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD level of theory. 

	

Figure 2.10: (Left) Energies and composition of the lowest energy singlet transitions in Re2. (Right) The natural 
transition orbitals of transitions S0"S1, S0"S4, and S0"S5 in Re2; λ is the fraction of the hole–particle contribution 

to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD level of theory. 
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Figure 2.11: (Left) Energies and composition of the lowest energy singlet transitions in Re3. (Right) The natural 
transition orbitals of transitions S0"S1, S0"S2, and S0"S3 in Re3; λ is the fraction of the hole–particle contribution 

to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD level of theory. 

 

Figure 2.12: (Left) Energies and composition of the lowest energy singlet transitions in Re4. (Right) The natural 
transition orbitals of transitions S0"S1, S0"S3, and S0"S5 in Re4; λ is the fraction of the hole–particle contribution 

to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD level of theory. 
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Figure 2.13: (Top-left) Energies of the lowest energy triplet transitions in Re1. (Bottom-left) Optimized T1 state 
spin density of Re1. (Right) The natural transition orbitals of transitions S0"T1, S0"T2, and S0"T3 in Re1; λ is the 
fraction of the hole–particle contribution to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD 

level of theory. 

 

Figure 2.14: (Top-left) Energies of the lowest energy triplet transitions in Re2. (Bottom-left) Optimized T1 state 
spin density of Re2. (Right) The natural transition orbitals of transitions S0"T1, S0"T2, and S0"T3 in Re2; λ is the 
fraction of the hole–particle contribution to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD 

level of theory. 
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Figure 2.15: (Top-left) Energies of the lowest energy triplet transitions in Re3. (Bottom-left) Optimized T1 state 
spin density of Re3. (Right) The natural transition orbitals of transitions S0"T1, S0"T2, and S0"T3 in Re3;	λ is the 
fraction of the hole–particle contribution to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD 

level of theory. 

 

 

 

Figure 2.16: (Top-left) Energies of the lowest energy triplet transitions in Re4. (Bottom-left) Optimized T1 state 
spin density of Re4. (Right) The natural transition orbitals of transitions S0"T1, S0"T2, and S0"T3 in Re4; λ is the 
fraction of the hole–particle contribution to the excitation. Calculations performed at DFT//M06/Def2-SVP/SDD 

level of theory. 
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Static Absorption and PL Measurements. The UV-vis electronic absorption and PL spectra of 

Re1–Re4 measured in THF are presented in Figure 2.17, with additional information collected in 

Table 2.1. In all of the complexes in this study, the red edges of the absorption bands greater than 

350 nm have been assigned as charge transfer in character. A previous study by Rillema and co-

workers demonstrated that the lowest-energy absorption band on a rhenium(I) complex bearing a 

2,6-dimethylphenyl isocyanide was a metal-ligand-to-ligand charge-transfer (MLLCT) singlet.13 

The TD-DFT calculations performed here confirm this assignment as the lowest-energy 

transition in Re1–Re4 consisting of a rhenium/isocyanide (metal/ligand)-to-phen ligand charge-

transfer transition (Figures 3.7–3.10). However, the oscillator strength of this transition is low, so 

it likely contributes very little to the experimentally observed red shoulder in the corresponding 

absorption spectra (Figure 3.15). When the higher lying transitions S0→S2 through S0→S4 in 

complexes Re1 and Re2 are examined, the transition type changes to a Re(dπ)→phen(π*) 

MLCT transition with higher oscillator strength, contributing to the observed shoulder in the 

measured spectra.  

 

Table 2.1: Static UV-vis Absorption and PL Data for Re1–Re4 at RT and 77 K.a 
Complex Abs λmax, nm (ε, M-1cm-1) RT PL λmax, nm 77 K Em λmax, nm 

Re1 273 (45700), 305 (16400), 365 
(3000) 505 456 

Re2 278 (57900), 315 (30200), 339 
(15800), 367 (3600) 507 457 

Re3 278 (40400), 300 (35900), 322 
(40900), 341 (33000), 370 (4000) 503, 535 (sh) 492 

Re4 277 (40600), 298 (38800), 319 
(40500), 340 (29400), 370 (3800) 518 495 

a. All RT spectra measured in THF (absorption), deoxygenated THF (PL), and 77 K PL data recorded in Me-THF 
frozen glasses. All wavelengths measured to ± 2 nm. 
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Figure 2.17: Electronic UV-vis absorption (red) and normalized static PL (blue) spectra of Re1–Re4 in THF at RT. 
The PL spectra were recorded with samples having an o.d. = 0.1 at 355 nm excitation in deoxygenated THF. 

	

The high energy portion (𝜆 < 300 nm) of the electronic spectrum of Re1 is dominated by 

phen-based π-π* transitions with some π-π* contribution from the isocyanide ligand. The 

increased oscillator strength of the spectral features observed between 300 to 350 nm when 

moving across the series are attributed to the presence of additional aromatic rings on the 

isocyanide ligands, since the extension of the π-system lowers the energy of while raising the 

oscillator strength of the LC π-π* transitions localized on the isocyanide ligand. Experimentally, 

this results in the red-shift and broadening of the main absorption band in the electronic spectra. 
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The static PL spectra for Re1 and Re2 measured in THF are broad and featureless, and 

are also highly quenched by dissolved oxygen, suggesting significant triplet excited-state 

character in the PL emission; all of these observations are consistent with some degree of charge-

transfer character. We note that simple visual inspection of the RT PL spectra in these molecules 

can be misleading because multiple closely lying excited states each contribute PL intensity 

proportional to their respective radiative rate constant.8 Therefore, unambiguous identification of 

the lowest excited state requires more sophisticated spectroscopic examination as described 

below.  

The structured PL spectra exhibited by Re3 and Re4 (Figure 2.17) at RT in THF 

immediately suggest interactions between multiple excited states in close energetic proximity. 

Here, Re3 exhibits the most obvious vibronic components, whereas Re4 features much more 

subtle broadening and shouldering toward lower emission energies. All PL spectral features in 

both Re3 and Re4 are strongly quenched by dissolved oxygen in THF solutions. This oxygen 

quenching was found to be asymmetric over the entire emission envelope, with the higher-energy 

emission more strongly quenched than the lower-energy region. Given these initial steady-state 

spectroscopic observations, the main PL emission features of Re3 and Re4 are tentatively 

assigned to a mixture of 3LC and 3MLCT excited states. In addition, the optimized triplet-state 

spin densities obtained from DFT support this as the localization of the unpaired spins to be 

localized on the rhenium, the isocyanide, and the phen ligand (Figures 2.15-2.16). Additional 

static and dynamic experiments described below will help to elucidate the true nature of these 

excited manifolds and their respective interactions.  
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Figure 2.18: Normalized static PL spectra of Re1–Re4 measured in 2-MeTHF frozen glasses at 77 K (λex = 355 
nm). The vertical dashed lines are drawn as a guide for the eye to illustrate the marked differences in the PL spectral 

profiles in Re1 and Re2 with respect to Re3 and Re4. 

	

The static PL spectra for Re1–Re4 were recorded at 77 K in 2-methyltetrahydrofuran (2-

MeTHF) glasses following 355 nm excitation (Figure 2.18). In Re1 and Re2, the 77 K PL 

emission spectra are significantly blue-shifted relative to their corresponding RT spectra 

recorded in THF and a high degree of vibronic structure also becomes evident. The thermally 

induced Stokes shifts [ΔEs = E00(77 K) – E00(298 K)] observed in Re1 and Re2 are quite large 

and quantitatively identical in magnitude given the 1 nm bandpass of the PL experiments, ΔEs = 

2128 and 2158 cm-1, respectively. By comparison, the ΔEs measured for the rhenium(I) 

diiminetricarbonyl 3MLCT model complex Re(phen)(CO)3Cl is 2381 cm-1 in the same solvent 
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measured under identical experimental conditions (Figure 2.19). In all of these instances, the 

magnitude of the ΔEs values remained consistent with that anticipated for strongly polar charge-

transfer excited states. However, the measured 77 K PL spectra of Re1 and Re2 quantitatively 

align with the 3LC phosphorescence measured for phen,2 indicative of 3MLCT/3LC state 

crossover occurring between RT and 77 K. In essence, the lack of solvent reorganization in the 

vitrified medium renders the 3MLCT state slightly higher in energy with respect to the lower 

lying 1,10-phenantholine-centered 3LC state. This behavior is analogous to previous work on 

rhenium(I) diimine complexes containing alkylisocyanide ancillary ligands, in addition to being 

observed in various MLCT excited states featuring other transition metals.2, 63, 64 Of particular 

relevance to the current observations, the 77 K emission spectrum of [Ir(phen)2Cl2]Cl is 

quantitatively similar to the PL spectrum recorded for Re1, which is also similar to the 

phosphorescence of free phen.65  
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Figure 2.19: Low temperature (blue) and room temperature (red) emission spectra of Re(phen)(CO)3Cl. Spectra 
recorded 400 nm excitation in THF for R.T. and in 2-MeTHF frozen glass at 77K. 
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In Re3 and Re4, the static PL emission spectra exhibit substantially smaller thermally 

induced Stokes shifts (ΔEs = 444 and 897 cm-1, respectively) in comparison to Re1 and Re2, 

concomitant with the observation of distinct vibronic progressions becoming revealed at 77 K in 

these molecules (Figure 2.18). Because the MLCT states are expected to blue shift over 2000 cm-

1 in these chromophores while the phen-based 3LC states remain at much higher energy, this 

lower-energy phosphorescence emission measured in Re3 and Re4 must be emanating from a 

lower-energy triplet excited state. Because molecules Re3 and Re4 feature aryl-based isocyanide 

substituents possessing extended π-conjugation (phenylacetylene and biphenyl, respectively), it 

immediately becomes apparent that these 77 K PL spectra are most appropriately assigned as the 

3LC states localized on the CNAr substituents in Re3 and Re4. These particular molecules now 

emerge as quite interesting because they likely feature RT electronic interactions occurring 

between three distinct triplet excited states, namely, the lowest MLCT state and two low-lying 

3LC states resident on two distinct chromophoric ligands (phen and CNAr) installed on the same 

rhenium(I) center. To the best of our knowledge, Re3 and Re4 represent the first examples of 

rhenium(I) tricarbonyl chromophores with three distinct triplet excited states being thermally 

accessible simultaneously. These interactions will be further elucidated below through 

temperature-dependent excited-state dynamics. 

Concentration Dependent Self-Quenching. Another interesting phenomenon consistently 

observed in Re3 and Re4 was a concentration dependence of their excited-state lifetimes in THF. 

The combined photophysical data measured for Re1–Re4 under optically dilute conditions are 

presented in Table 2.2. At higher concentrations (> 10-5 M), the excited-state decay was best fit 

with a biexponential function in Re3 and Re4, because there was now clear evidence of an 

additional emissive species being present in these samples as visualized in static and dynamic PL 
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experiments (Figure 2.20). Note that no aggregation was observed in the ground states of Re3 

and Re4, as evidenced by the corresponding electronic absorption spectra being consistent with 

the Beer-Lambert law over all chromophore concentrations investigated. The static PL emission 

spectra measured in concentrated samples of Re3 and Re4 contained a low-energy shoulder; see 

the solid black lines in Figure 2.20. In addition, time-resolved PL experiments revealed that both 

molecules possessed shorter lifetimes than those recorded in the corresponding diluted samples. 

Therefore, time-gated PL emission spectra were recorded for concentrated samples of Re3 and 

Re4 at both short (250 ns) and long (50 µs) delay times in order differentiate the high- and low-

energy features observed in the static PL spectra (Figure 2.20). The time-gated spectrum 

recorded for Re3 at the 250 ns delay time (solid red line) was very broad in nature, spanning 

most of the visible region, and featured rather intense emission toward the red region of the 

spectrum. The 50 𝜇s delay spectrum in Re3 (solid blue line) almost quantitatively reproduced the 

static PL spectrum at this concentration, which possessed most of the spectral characteristics of 

the diluted chromophore, as seen in Figure 2.17. Similar results were obtained in analogous 

experiments, where Re4 was examined under identical experimental conditions.  
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Figure 2.20: Time-gated PL emission spectra recorded for Re3 (bottom) and Re4 (top) measured in THF using 
nanosecond laser pulses (λex = 355 nm; 7 ns fwhm) and ICCD detection. Spectra at 250 ns delay (red), relative to the 

excitation pulse, recorded with a 50 ns gate width. Spectra at 50 µs delay (blue) recorded with a 1 µs gate width. 
Normalized steady-state PL spectra (black) are shown for comparison along with the static PL spectrum that 

subtracts the normalized time-resolved PL spectrum recorded at 50 µs delay. 
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Figure 2.21: Static PL spectra of Re3 (left) and Re4 (right) showing excimer emission in saturated solution.  
Excitation at 355 nm. Dilute solutions OD = ~0.1 at excitation. 
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In both instances, the PL decay at earlier times was dominated by emission emanating 

from a characteristically distinct species decaying in parallel with the longer-lived bluer species 

corresponding to the photophysical response from the diluted molecule. Because the shorter-

lived PL emission in Re3 and Re4 was red-shifted, in addition to being broad and featureless, we 

propose that an excimer-type interaction was responsible for this behavior. The excited-state 

lifetimes in Re3 and Re4 are so long-lived (710 and 663 𝜇s, respectively) that this readily 

enables bimolecular reactions with ground-state molecules, ultimately leading to low-energy 

excimer formation in a portion of the decaying excited-state population. Although rare, a handful 

of examples of inorganic triplet excimers have been reported, almost exclusively based on 

square-planar platinum(II) complexes.66-68 However, in the current molecules, it is the 3LC 

excited states resident on the CNAr ligands that are deemed responsible for producing the 

proposed excimers in Re3 and Re4. In an attempt to generate the true emission spectral profile of 

the proposed excimers, the normalized time-gated spectrum at 50 µs was subtracted from the 

corresponding static spectrum in both Re3 and Re4 (Figure 2.20, dashed green lines). It is clear 

that these difference spectra produce profiles that are substantially red-shifted and distinct of 

those measured in the diluted molecules, indeed qualitatively consistent with excimer formation. 

This excimer interaction was also manifested in the static PL emission spectra measured in 

concentrated solutions of Re3 and Re4, where significant amplification of the PL intensity on the 

red side of the static spectral envelope was clearly observed (Figure 2.21).  
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Figure 2.22: Stern-Volmer self-quenching plots of Re3 (top) and Re4 (bottom).  

	

The excited-state decay kinetics was measured as a function of the chromophore 

concentration in order to use the Stern-Volmer equation to quantify the rate of self-quenching 

(kq) in Re3 and Re4 as well as give an estimate of the excited-state lifetime at infinite dilution 

(τ0). Figure 3.20 presents these Stern-Volmer plots where the kq values were found to be 8.8×108 

and 5.80×108 M-1s-1 for Re3 and Re4, respectively. Because the extent of orbital overlap in an 

excimer is related to the relative red shift observed between monomer and excimer emission, 

Re3 is clearly red shifted with respect to Re4. To rationalize this result, we postulate that the 

isocyanide ligand in Re3 has the potential for greater π overlap between distinct molecules due 

to the more planar nature of the ethynyl linker used in this instance. In Re3, the red shift was 

approximately 2766 cm-1, while that in Re4 was found to be ~1511 cm-1. Overall, the π-
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conjugated CNAr subunits appear to facilitate intermolecular π stacking during excited-state 

decay, and it is this interaction that is most likely responsible for excimer formation in Re3 and 

Re4. Moving forward, this suggests a general design strategy in metal-organic chromophores 

wherein the efficient generation of a long-lived triplet intraligand excited state can lead to 

entirely new classes of excimer-based PL projecting from the red into the near-IR.    

 

Table 2.2: Summary of the Photophysical Parameters of Re1–Re4 measured in THF at RT. 

Complex Φa τem (µs) τTA (µs) kr (×103 s-1)b knr (×103 s-1)b 

Re1 0.64 8.1 8.9 72.0 40.5 

Re2 0.48 14.2 15.5 31.0 33.6 

Re3 0.14 -d 710c 0.20 1.2 

Re4 0.15 -d 663c 0.22 1.3 
a. Measured relative to a 9,10-diphenylanthracene standard quantum counter, ± 10%.69 b. Values calculated from 

the PL quantum yield and TA decay lifetime values, ± 5%. c. Excited-state lifetime extrapolated to infinite dilution, ± 
5%. d. Values could not be accurately determined because of the lower quantum yields and longer lifetimes. Higher 
concentrations were necessary for an accurate kinetic fit, which ultimately manifested quenched excited-state best-
fits using biexponential kinetics. 

 

Excited State Dynamics. In order to comprehend the photophysical processes leading to 

formation of the lowest excited-state configurations in Re1–Re4, ultrafast TA experiments were 

performed in THF solutions. The ultrafast TA difference spectra are shown in Figure 2.23, with 

the time constants fit to the most prominent signals summarized in Table 2.3, with kinetic data 

given in Figures 2.25 and 2.26. What becomes immediately apparent is the difference in 

dynamics between Re1 and Re2–Re4. In Re1, there is the prompt (~200 fs) formation of a broad 

excited state absorbance feature traversing most of the visible spectrum. This is followed by very 

subtle shifts in the signal maximum around 400–450 nm with a corresponding formation time 

constant of 25 ps (Figure 2.23). These dynamics differ significantly from those found in the 
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3MLCT model compound Re(phen)(CO)3Cl, whose difference spectrum is presented in Figure 

2.24 at 2.12 ps delay. In our experiments (Figure 2.24) and previous literature results,50, 70 100 fs 

pulsed-laser excitation of Re(phen)(CO)3Cl results in the nearly prompt formation of its 3MLCT 

excited-state absorption with a maximum near 475 nm, consistent with that shown in Figure 

3.21. This was followed by the growth of a shoulder at 575 nm taking place on the order of tens 

of picoseconds. The prompt signal has been assigned to rapid dynamics associated with the 

formation of the phen radical anion along with intersystem crossing to the 3MLCT manifold. The 

longer-time-scale (picosecond) dynamics was assigned to vibrational relaxation occurring within 

the 3MLCT manifold that ultimately produces a transient signal that persists into the 

nanoseconds time scale, which is the lowest-energy 3MLCT excited state.  
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Figure 2.23: Ultrafast TA difference spectra of Re1–Re4 recorded in THF. The ultrafast TA difference spectrum of 
the model chromophore Re(phen)(CO)3Cl (red dashed line) at 2.12 ps delay is included with Re1 for a direct 

comparison. All difference spectra were obtained using 352 nm excitation (0.4–0.8 mJ/pulse; 90 fs fwhm) with 
sample o.d.’s of ~0.45. 
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Figure 2.24: Ultrafast TA difference spectra of Re(phen)(CO)3Cl in THF. Spectra recorded at each of labeled delay 
times with 352 nm excitation. 
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By comparison, the prompt TA signatures measured in Re1 on femtosecond-to-

nanosecond time scales are clearly inconsistent with the expected salient features of the phen 

radical anion. Instead, there is a prompt formation of a broad transient absorbance (across most 

of the visible region) with a discernible peak at 400 nm, which decays away only slightly over 

the entire length of the delay line (5.5 ns). Because the molecular photophysics from the lowest 

excited state in Re1 and related molecules based on iridium(III) and platinum(II) is considered to 

be configurationally mixed because of energetically proximate 3MLCT and 3LC (phen) 

manifolds,63, 71-75 we assign the TAs observed in Re1 to the 3phen moiety because the phen 

radical anion does not contribute significant oscillator strength. In the available published 

examples of TA studies executed on configurationally mixed excited states, the dominating 

absorbing species is unequivocally the 3LC state in all instances. Similar results have also been 

echoed in metal-organic molecules featuring triplet excited-state equilibria.50, 52, 76-81  
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Figure 2.25: Ultrafast TA kinetics of Re1-Re4 with best fits. 
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Figure 2.26: Ultrafast TA kinetics of Re1 with best fits at various wavelengths. Visual inspection of kinetic traces at 
400, 417, 552, and 649 nm reveal that on a scale of a few tens of picoseconds, the decays in 400 and 417 nm traces 
look concomitant with the rises at 552 and 649 nm. Low range of change in ΔOD at 400 and 417 nm and remnants 
of coherent solvent response at 417 nm result in a poor goodness of fit; fitting with a single exponential function 

result in 13±4 and 6±1 ps time constants, respectively. Fits at 552 and 649 nm result in 25±5 or 36±5 ps time 
constants with a little better goodness of fit. We assess that this kinetic component is somewhere between 15 and 35-

36 ps. 

 

For Re2–Re4, it is clear that the ultimate triplet excited state formed is significantly 

different with respect to that measured in Re1, as evidenced by the continued growth in the TA 

signals on the order of tens of picoseconds. These molecules also possess a similar prompt (130–
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220 fs) formation of the broad visible absorption signal observed in Re1 at both short and long 

delay times. Combined together, we assign this initial absorption feature in Re2–Re4 as resulting 

from intersystem crossing from the singlet manifold to the configurationally mixed triplet state 

(3MLCT/3LC) analogous to that assigned in Re1. This is followed by vibrational relaxation 

within this configurationally mixed triplet excited state that is similar to Re1, now with a slightly 

faster time constant ranging between 3 and 5 ps. However, after the prompt formation and 

vibrational cooling of this initially populated state, there is a significantly slower process 

(ranging from 13 to 50 ps) believed to be triplet migration to an excited state with a significantly 

higher extinction coefficient, which is also responsible for the substantial absorption growth 

observed for Re2–Re4 in the visible region over this time range.  

Because these data are quite distinguishing, we assign the long-lived excited state 

absorptions in Re2–Re4 to the pure 3LC excited states corresponding to the respective 

isocyanide ligand resident in the structure. Further evidence for these assignments emerges from 

the sensitized triplet spectra of the free isocyanide ligands resulting from sensitization of Re2 

with benzophenone and sensitization of Re3 and Re4 with thioxanthen-9-one (Figure 2.27). In 

order to best mimic the Lewis acidic character of the rhenium(I) center, trifluoroacetic acid 

(TFA) was added to the respective sensitization experiments to singly protonate the relevant 

isocyanide ligand. Although the positions of the resultant triplet absorbances in the free ligands 

are somewhat shifted with respect to the TAs observed in the analogous rhenium(I) 

chromophores, their bandshapes are qualitatively similar and therefore consistent with formation 

of the 3LC excited state on the respective isocyanide moiety. Overall, the combined ultrafast TA 

data and the nanosecond triplet sensitization experiments suggest triplet energy migration from 

the initially populated 3MLCT/3LC state to the 3LC state of the respective isocyanide ligand 
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occurring with time constants of 50, 13.5, and 26 ps in Re2–Re4, respectively. An extensive 

literature search revealed no related reports of excited-state dynamics occurring between 

configurationally mixed 3MLCT/3LC excited states, with a second 3LC excited state located on 

an ancillary ligand. Clearly, there is ample space for additional investigations in this general area 

and many combinations of metal centers and ligands can be conceived to glean further insight 

into such intramolecular triplet energy migration processes.  
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Figure 2.27: Normalized nanosecond sensitized triplet absorption difference spectra (red spectra) of the free 
isocyanide ligands corresponding to those in molecules Re2–Re4 compared to the normalized absorption difference 
spectra for Re2–Re4 measured promptly in nanosecond TA experiments (blue spectra). Excitation was performed at 
355 nm (~1.0 mJ/pulse; 7 ns fwhm), and spectra were recorded with 5 µs delay relative to excitation and 50 ns gate 

width. The triplet sensitizers were benzophenone for Re2 and thioxanthen-9-one for Re3 and Re4. 
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In Re1–Re4, the persistent transient signals from the ultrafast TA experiments measured 

at long delay times quantitatively match the corresponding nanosecond TA difference spectra, 

indicating that no significant dynamics are taking place between the 5.5 ns delay time in the 

ultrafast experiment and 15 ns, the earliest prompt signal resolvable in the nanosecond TA 

apparatus. The nanosecond TA difference spectra of Re1–Re4 as well as their associated 

transient decay kinetics are provided in Figures 2.28-2.31. The PL and TA decay kinetics 

measured for Re1–Re4 using conventional time-resolved PL and laser flash photolysis 

experiments were all adequately modeled with single-exponential decays and featured 

quantitative agreement between both experiments in all instances (Table 2.2). Consistent with the 

3MLCT/3LC (phen; in Re1) and 3LC (isocyanide; in Re2–Re4) excited-state assignments 

suggested above, the long-lived excited-state lifetimes recorded here, 8.9, 15.5, 710, and 663 𝜇s, 

respectively, are completely congruent with those assignments. Figure 2.32 presents qualitative 

Jablonski diagrams of Re1–Re4, summarizing all of the photophysical processes and their 

corresponding assignments resulting from the current investigation.  

 

Table 2.3: Summary of the Time Constants from Ultrafast TA Kinetic Modeling.a. 

Complex λfit (nm) τ1 (fs) τ2 (ps) τ3 (ps) 

Re1 400, 417, 552, 649 200 (±50) 25 (±10)  - 

Re2 398, 536  190 (±50) 5 (±1) 50 (±8) 

Re3 523, 537, 580 130 (±60) 3.0 (±0.2) 13.5 (±0.4) 

Re4 572, 603 220 (±20) 3.4 (±0.3) 26 (±1) 
a. Fits and kinetic data from which these time constants were obtained can be found in Figures 2.25 and 2.26. 
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Figure 2.28: ns-TA difference spectra of Re1-Re4. Spectra recorded 355 nm excitation for both. 
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Figure 2.29: nsTA (left) and PL (right) kinetic decays of Re1 with single-exponential fits (blue). nsTA kinetics 
recording of 500 nm transient signal with 355 nm excitation. PL kinetics recording of 500 nm emission with 355 nm 

excitation. 
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Figure 2.30: nsTA (left) and PL (right) kinetic decays of Re2 with single-exponential fits (blue). nsTA kinetics 
recording of 500 nm transient signal with 355 nm excitation. PL kinetics recording of 500 nm emission with 355 nm 

excitation. 
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Figure 2.31: nsTA kinetic decays of Re3 (left) and Re4 (right) demonstrating single-exponential fits (blue). nsTA 
kinetics recording of 550 nm transient signal with 355 nm excitation for both. Sample of Re3 OD =~0.1. Sample of 

Re4 OD =~0.05 
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Figure 2.32: Qualitative energy level diagrams summarizing the photophysical behavior of Re1–Re4.  

 

Temperature Dependent Time-Resolved PL and TA Experiments. In order to investigate the 

relative energies of the closely lying triplet excited states featured in this series of molecules, the 

excited-state decay rates of each chromophore were measured as a function of the temperature. 

To best fit the series dynamic temperature data, a three-state Boltzmann distribution model was 

invoked; Figure 2.33 and Eq. 3.1–3.3 describe this three state model.8, 82 The three excited states 

involved here are defined as two emissive triplet states of charge-transfer and/or LC character 

and the third of a thermally deactivating metal-centered ligand-field state. This three-state model 

has been successfully applied to similar rhenium(I) diimine complexes.8 Consistent with these 

previous studies, a simple two-state model using one triplet excited state and one d-d state does 

not adequately fit our data without giving physically unreasonable results.  
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Figure 2.33: Generalized energy-level diagram depicting the parameters of three-state Boltzmann model used to 
model temperature-dependent excited-state decay in molecules Re1–Re4. 
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of thermal activation to the ligand-field state can be combined into a single preexponential factor 

(A1+A2). The most adequate fits taking into account all of the time-resolved temperature-

dependent PL (Re1 and Re2) or TA data (Re3 and Re4) for all four complexes are presented in 

Figure 2.34, and the values for each relevant fitting parameter are summarized in Table 2.4. 
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Figure 2.34: Temperature dependent excited state lifetimes with 3-state Boltzmann fits (blue) of Re1-Re4. 
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Table 2.4: Summary of Fitting Values from the Three-State Boltzmann Distribution Model.a 

Complex ΔE1 
b ΔE2 b k1 

c k2 
c 

Re1 545 4042 9.3 53.0 

Re2 496 4042 3.1 55.0 

Re3 775 5622 0.55 22.5 

Re4 806 5957 0.12 25.1 
a. The pre-exponential factor (A1+A2) was fixed to 4×1012 for Re1 and Re2 8 and floated between 4×1014 and 

8×1014 for Re3 and Re4. b. Units of cm-1 c.  Value ×104s-1 

 

From the extracted parameters, a number of conclusions can be drawn. In Re1 and Re2, 

the energy gap between the lowest triplet manifold and the d-d state is approximately 4000 cm-1, 

in good agreement with similar molecules modeled in an identical fashion.8 According to the 

relative rates of decay from the two emissive excited states, the lower state is consistent with 

being 3LC in character, whereas the higher-lying excited-state is more in line with 3CT character. 

Additionally, the ordering of triplet states is consistent with the TD-DFT modeling of the 

transitions, where S0→T1 is LC on the phen ligand and S0→T2 is the MLCT transition (Figure 

2.13). From a combination of the kinetic and DFT modeling, 77 K PL emission spectra, and 

conclusions drawn from the TA dynamics, it can be concluded that the lower triplet excited state 

in Re1 is 3LC (phen) and the upper excited state is likely 3MLCT.  Definitive assignment of the 

lowest 3LC state in 2 is more difficult because this molecule likely features a mixed 3LC state 

resulting from the nearly isoenergetic combination of both the phen and the isocyanide triplets. 

TD-DFT modeling reveals that the energy difference between S0→T1 (phen) and S0→T2 

(isocyanide) is approximately 0.03 eV (Figure 2.14). Because these two states are relatively 

isoenergetic, they could not be distinguished with the use of an additional parameter in the 
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Boltzmann fit, so their relative ordering simply cannot be determined using temperature-

dependent PL decay data. However, the RT TA data suggest that the lowest-energy state is most 

likely 3LC (CNAr) in the case of Re2.  

Complexes Re3 and Re4 feature an entirely different series of molecular excited states 

that are in play. The first obvious difference is that a much larger energy gap between the lowest 

triplet and ligand-field states now exists, ~5600–6000 cm-1. Additionally, the decay rate from 

that lowest triplet excited state is significantly slower in comparison to that observed in Re1 and 

Re2. If it is assumed that the differences in the ligand-field state energy between all four 

molecules are negligible, we can readily conclude that the lower triplet excited states in Re3 and 

Re4 are no longer 3LC (phen)/3MLCT-based but rather 3LC (CNAr)-localized. This is consistent 

with the combined PL, TA, and electronic structure calculations (Figures 2.15 and 2.16), 

therefore rendering the upper excited state in Re3 and Re4 using the model presented in Figure 

2.33 as an admixture of nearly isoenergetic 3LC(phen)/3MLCT states.     
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2.4. Conclusions 

This study investigated a series of rhenium(I)-based diiminetricarbonyl arylisocyanide 

chromophores (Re1–Re4) featuring interactions between 3 closely lying triplet excited states. 

The combined experimental evidence illustrated that the CNAr ligand was actively engaged in 

manipulating excited-state decay in three of these molecules (Re2–Re4), wherein the 3MLCT 

state along with two 3LC excited-state configurations (phen and CNAr) conspired to produce the 

resultant photophysical properties. As the π conjugation within the CNAr ligand was extended, 

the initially generated 3LC(phen)/3MLCT excited state in 1 ultimately migrated to the CNAr 3LC 

state on the order of tens of picoseconds in Re2–Re4. It should be noted that previous literature 

has described dπ(Re)-π*(CNAr) 3MLCT transitions existing in a number of complexes not 

featuring a diimine moiety.35, 83 The existence of this transition and any role it may play in the 

photophysics of the complexes in this current study was considered; however, no spectroscopic 

or computational evidence was found to support this consideration. Chromophores Re3 and Re4, 

with RT lifetimes near 700 𝜇s, represent unique examples of excimer formation from inorganic 

molecules, albeit from interactions between the 3LC state and a corresponding ground-state 

molecule, as evidenced by dynamic self-quenching in the corresponding PL intensity decays 

accompanied by the observation of a short-lived low-energy orange-to-red emission feature in 

both instances. In the quest for generating new classes of molecular-based charge-transfer 

excited-states intended for driving high energy chemical transformations, all excited 

configurations must be considered to achieve the proper chromophore design. While 3LC excited 

states on diimine and ancillary ligands are energetically out-of-reach in most visible-absorbing 

MLCT chromophores, they are quite relevant and can dominate excited-state decay in near-UV-

absorbing MLCT molecules, as was observed in Re2–Re4 in the present study. 
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The findings within this Chapter provide multiple future research directions. The first is 

pertaining to this family of complexes. The ease of coupling reactions to the isocyanide ligand 

core allow for functionalization with a wide variety of other organic chromophore units, 

expanding on the Castellano labs ongoing research in Re(I) bichromophore complexes. The other 

important direction is in the understanding of Re(I) diimine photophysics. When different 

diimine ligands are incorporated, such as functionalized phens, the energetics and mixing of the 

MLCT with low-lying LC states is a vital interaction which must be considered. The evaluation 

of the energy gap law with other Re(I) diimine complexes is already underway. 
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Chapter 3: Ligand-Triplet Migration in Iridium(III) 

Cyclometalates Featuring π-Conjugated Arylisocyanide 

Ligands 

 

*A portion of this Chapter has been published: Favale, J. M.; Danilov, E. O.; Yarnell, J. E.; 

Castellano, F. N. Dalton Trans. 2019, submitted. 

	

3.1. Introduction 

In the pursuit of new luminophores, cyclometalated complexes of Ir(III) possess highly 

desirable properties, such as high quantum yields, high stability and tunable emission.1-5 The 

combination of these properties has allowed for the utilization of these complexes to a variety 

optical applications, such as luminescence sensing6-8, light-emitting devices9-11, and imaging12-14. 

The Ir(III) atom featured in these complexes gives rise to the remarkable range of properties due 

in large part to its substantial spin-orbit coupling (SOC) constant and heavy atom effect. When 

light is absorbed into the singlet manifold, any excited state rapidly undergoes intersystem 

crossing (ISC), and the photophysical properties are dictated by the lowest energy triplet state. 

In cyclometalated complexes of Ir(III), the relatively strong ligand-field imparted by the 

metal-carbon bond leads to significant splitting of the metal d orbitals. With strong ligand field 

splitting (ΔOd), the lowest energy transition typically becomes ligand centered (LC; π-π*). In the 

benchmark complex Ir(ppy)3, the lowest energy triplet is mostly LC in character, however, there 

exists significant mixing of Ir-to-ppy metal-to-ligand charge-transfer (MLCT). This 
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configuration interaction mixed state allows for the chromophoric properties of the LC state, 

while utilizing the necessary SOC to generate the triplet state efficiently. 

In order to produce new complexes with novel excited state properties, new ligand sets 

must be employed which allow for structural modification. Isocyanide ligands, in particular 

arylisocyanides (CNAr), are uniquely suited to the task of applying further ligand field splitting 

to the metal center while allowing a bridge to extensive modification of the organic moiety.15-17 

Isocyanide ligands have been previously described as being “isolobal” to carbonyl ligands, 

however are better σ-donor ligands.  

Previous studies have produced Ir(III) cyclometalate complexes bearing alkyl 

isocyanides.18-21 These complexes display highly luminescent excited states, dictated by the 

particular cyclometalating ligand used. In these examples, the isocyanide acts simply ancillary 

and is nonchromophoric. The scope of CNAr complexes was further expanded by Teets and co-

workers, with the incorporation of 2,6-diisopropyl, 2,6-dimethyl, and 2-naphthyl isocyanides.22-24 

In most of these complexes, the lowest triplet is again dictated by the cyclometalate LC state. 

Figure 3.1 shows the highly luminescent behavior of complexes in this series as well as the room 

temperature and 77 K PL spectra of a representative complex in the series. 

   
Figure 3.1: Structure and visible PL (left) of representative Ir(III) cyclometalate arylisocyanide complex and the 

corresponding room temperature (top right) and 77 K PL spectra (bottom right). Adapted from source.22 
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Other examples of iridium(III) CNAr complexes have been reported in the form of 

cyclopentadienyl complexes with either cyclometalate or diimine ligands.25 Within that series, an 

alkylisocyanide was utilized to impart strong field character. Like other examples, this ligand 

was able to shift the photophysical properties to that of the pure 3LC state, whereas weaker field 

ligands in the series gave rise to CT behavior. 

In previous work by the authors, novel excited state dynamics were seen in CNAr 

complexes of Re(I) diiminetricarbonyl, where the CNAr ligands possess varied degrees of 

appended π conjugation.26 It was found that by lowering the π-π* energy of the CNAr fragment, 

multiple triplet excited states can be made nearly isoenergetic, but localized on opposite 

locations on the complexes. The dynamics between these excited led to observation of the triplet 

migration across the complexes on the order of tens of ps, viewed by ultrafast transient 

absorption (TA). 

In the work presented herein, we have synthesized and photophysically investigated an 

series of Ir(III) cyclometalate complexes bearing CNAr ligands of varied π conjugation. The 

excited state dynamics of the different mixed triplet manifolds is investigated in depth. 
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3.2. Experimental 

General Considerations. Isocyanide ligands used for each complexes were obtained via 

synthesis described in Chapter 3. All spectroscopic studies, with the exception of steady-state 

absorbance measurements, were performed in deoxygenated spectroscopic grade tetrahydrofuran 

(THF) and samples were prepared in a glovebox in sealable 1 cm quartz cuvettes. 

	

Figure 3.2: General synthetic scheme for Ir2(ppy)4Cl2 

 

Synthesis of Ir2(ppy)4Cl2. The synthesis was performed based on previously published 

procedure.1 In a 250 mL, 2-neck round-bottom flash fitted with a reflux condenser, 

Ir(III)trichloride hydrate (846 mg, 2.67 mmol) and 2-phenylpyridine (869 mmol, 5.59 mmol) 

were dissolved in 100 mL of 2-ethoxyethanol:deionized water (3:1 v/v). This solution was 

bubble degassed with N2 for 20 m then heated to 115 °C for 3 h under N2 atmosphere. The 

reaction was then allowed to cool to room temperature, then further cooled to 0 °C to induce 

precipitation of the product. The yellow precipitated product was filtered and washed with 

absolute ethanol and acetone and dried in vacuo. Yield: 985 mg, 76.5%. 1H NMR (400 MHz, 

CD2Cl2): δ 9.25 (d, 4H, J = 5.8 Hz), 7.93 (d, 4H, J = 8.2 Hz), 7.80 (t, 4H, J = 8.2 Hz), 7.55 (d, 

4H, J = 7.8 Hz), 6.81 (m, 8H), 6.60 (t, 4H, J = 7.8 Hz), 5.87 (d, 4H, J = 7.8 Hz). 
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Figure 3.3: General synthetic scheme for final complexes Ir1-Ir4 with corresponding ligands. 

 

General Procedure for Synthesis of Ir-CNAr Complexes. In a 50 mL, 2-neck round-bottom 

flask fitted with a reflux condenser, Ir2(ppy)4Cl2, CNAr ligand (4 eq.) and AgPF6 (5 eq.) were 

degassed via three cycles of vacuum-N2 backfill and then maintained under N2 atmosphere. To 

these solids, 25 mL of N2 bubble degassed dichloromethane was added. The reaction mixture 

was protected from light and heated to 50 °C for 12 h. The reaction was then filtered hot over 

Celite and the filtrate was evaporated to yield the crude solid. The crude product was dissolved 

in minimal methanol and a solution of sat. NH4PF6 was added dropwise to precipitate the 

product. The solids were filtered and rinsed with excess deionized water and dried in vacuo. This 

methanol/NH4PF6 recrystallization procedure was repeated twice to ensure product purity. 
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[Ir(ppy)2(DippCN)2]PF6 (Ir1). Ir2(ppy)4Cl2 (100 mg, 0.093 mmol), 2,6-diisopropylphenyl 

isocyanide (70 mg, 0.373 mmol), and AgPF6 (117 mg, 0.463 mmol) were used. Yield: 156 mg, 

82.2%. 1H NMR (400 MHz, CD2Cl2): δ 9.14 (d, 2H, J = 6.2 Hz), 8.11 (m, 4 H), 7.78 (d, 2H, J = 

8.3 Hz), 7.37 (m, 4H), 7.17 (d, 4H, J = 7.8 Hz), 7.13 (t, 2H, J = 7.5 Hz), 7.02 (t, 2H, J = 7.5 Hz), 

6.31 (d, 2H, J = 7.5 Hz), 2.79 (sep, 4H, J = 6.7 Hz), 1.05 (m, 24H). 13C NMR (100 MHz, 

CD2Cl2): δ 168.3, 153.8, 152.7, 146.1, 144.5, 140.0, 137.0, 131.7, 131.4, 131.1, 125.7, 125.1, 

124.8, 124.3, 124.2, 121.7, 30.7, 22.8, 22.7. HR-MS ([M-PF6]+). Calcd: m/z 873.3641. Found: 

m/z 873.3638. FTIR (ATR, cm-1): 2170 (sh), 2143 (s). 

[Ir(ppy)2(PhDippCN)2]PF6 (Ir2). Ir2(ppy)4Cl2 (100 mg, 0.093 mmol), 4-phenyl-2,6-

diisopropylphenyl isocyanide (100 mg, 0.380 mmol), and AgPF6 (117 mg, 0.463 mmol) were 

used. Yield: 168 mg, 77.0%. 1H NMR (400 MHz, CD2Cl2): δ 9.17 (d, 2H, J = 5.5 Hz), 8.11 (m, 4 

H), 7.80 (d, 2H, J = 7.9 Hz), 7.55 (m, 4H), 7.45–7.38 (d, 12H), 7.15 (t, 2H, J = 7.5 Hz), 7.04 (t, 

2H, J = 7.5 Hz), 6.33 (d, 2H, J = 7.5 Hz), 2.87 (sep, 4H, J = 6.9 Hz), 1.12 (m, 24H). 13C NMR 

(100 MHz, CD2Cl2): δ 168.4, 153.8, 152.7, 146.5, 144.5, 144.3, 140.3, 140.0, 131.8, 131.2, 

129.5, 129.0, 127.7, 125.8, 125.7, 125.1, 124.9, 123.1, 121.7, 121.6, 30.8, 22.9, 22.8. HR-MS 

([M-PF6]+). Calcd: m/z 1025.4267. Found: m/z 1025.4247. FTIR (ATR, cm-1): 2168 (sh), 2143 

(s). 

[Ir(ppy)2(PhEthDippCN)2]PF6 (Ir3). Ir2(ppy)4Cl2 (100 mg, 0.093 mmol), 4-phenylethynyl-2,6-

diisopropylphenyl isocyanide (108 mg, 0.376 mmol), and AgPF6 (117 mg, 0.463 mmol) were 

used. Yield: 163 mg, 71.8%. 1H NMR (400 MHz, CD2Cl2): δ 9.13 (d, 2H, J = 5.9 Hz), 8.12 (m, 4 

H), 7.80 (d, 2H, J = 7.7 Hz), 7.53 (m, 4H), 7.38 (m, 8H), 7.33 (s. 4H), 7.14 (t, 2H, J = 7.4 Hz), 

7.03 (t, 2H, J = 7.4 Hz), 6.30 (d, 2H, J = 7.6 Hz), 2.79 (sep, 4H, J = 6.8 Hz), 1.08 (m, 24H). 13C 

NMR (100 MHz, CD2Cl2): δ 168.3, 153.8, 152.5, 146.3, 144.5, 140.1, 138.1, 132.2, 131.8, 131.1, 
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129.6, 129.1, 127.5, 126.4, 125.7, 125.1, 125.0, 123.8, 122.9, 121.8, 92.7, 88.7, 30.6, 22.7, 22.6. 

HR-MS ([M-PF6]+). Calcd: m/z 1073.4267. Found: m/z 1073.4259. FTIR (ATR, cm-1): 2166 (sh), 

2140 (s). 

[Ir(ppy)2(DiPhDippCN)2]PF6 (Ir4). Ir2(ppy)4Cl2 (100 mg, 0.093 mmol), 4-biphenyl-2,6-

diisopropylphenyl isocyanide (130 mg, 0.383 mmol), and AgPF6 (117 mg, 0.463 mmol) were 

used. Yield: 182 mg, 73.9%. 1H NMR (400 MHz, CD2Cl2): δ 9.19 (d, 2H, J = 5.8 Hz), 8.13 (m, 4 

H), 7.81 (d, 2H, J = 7.8 Hz), 7.70 (m, 4H), 7.65 (m, 8H), 7.49-7.36 (m. 12H), 7.16 (t, 2H, J = 7.4 

Hz), 7.05 (t, 2H, J = 7.4 Hz), 6.34 (d, 2H, J = 7.5 Hz), 2.89 (sep, 4H, J = 6.9 Hz), 1.14 (m, 24H). 

13C NMR (100 MHz, CD2Cl2): δ 168.4, 153.8, 152.7, 146.6, 144.5, 143.7, 141.7, 140.6, 140.0, 

139.1 137.6, 131.7, 131.2, 129.5, 128.3, 128.1 (2C), 127.5, 125.7, 125.1, 124.9, 123.3, 123.0, 

121.7, 30.8, 22.9, 22.8. HR-MS ([M-PF6]+). Calcd: m/z 1177.4893. Found: m/z 1177.4897. FTIR 

(ATR, cm-1): 2168 (sh), 2141 (s). 

Ultrafast TA Spectroscopy. Time-resolved TA measurements were performed at the NCSU 

Imaging and Kinetic Spectroscopy Laboratory in the Department of Chemistry. Subpicosecond 

absorption transients were detected using a Helios TA spectrometer from Ultrafast Systems. A 

portion of the output from a 1 kHz Ti:sapphire Coherent Libra regenerative amplifier (4 mJ; 100 

fs fwhm at 800 nm) was split into the pump and probe beams. The probe beam was delayed in a 

6 ns optical delay stage, while the pump beam was directed into an optical parametric amplifier 

(Coherent OPerA Solo) to generate tunable excitation. These measurements were performed 

according to previously published methods.27, 28 

Nanosecond TA Spectroscopy, Time-Resolved PL, and Time-Gated PL Spectroscopic 

Measurements. Nanosecond TA measurements and time-gated PL spectra were collected with a 

LP920 laser flash photolysis system (Edinburgh Instruments) using, for excitation, a Minilite 355 
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Nd:YAG (Continuum). TA difference and PL spectra were collected using an iStar ICCD camera 

(Andor Technology), controlled by the LP900 software (Edinburgh Instruments).  
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3.3. Results and Discussion 

Syntheses. The Ir(III) complexes Ir1-Ir4 that are the focus of this work were synthesized using 

the general procedure outlined in Figure  3.3. Each of the target compounds was purified through 

multiple precipitations by dissolving the isolated product in methanol followed by treatment with 

aqueous NH4PF6. All final complexes were structurally characterized using 1H and 13C NMR 

spectroscopy, high resolution electrospray ionization time-of-flight (ESI-TOF) mass 

spectrometry, as well as FT-IR spectroscopy. The purified molecules were determined to be both 

thermally and photochemically stable in nonhalogenated solvents, with a minor degree of 

photodegradation observed in halogenated solvents upon extended light exposure. The new 

molecules are soluble in a variety of polar organic solvents and tetrahydrofuran (THF) was 

selected as the solvent medium for all spectroscopic measurements in this contribution.	

Static Absorption and PL Measurements. The electronic absorption and steady-state PL 

spectra of Ir1-Ir4 are shown in Figure 3.4 and summarized in Table 3.1. In Ir1, we the 

absorption bands seen in the UV to near-visible are assigned in congruence with previously 

reported complexes of similar design. The strong bands seen between 290 and 310 nm 

correspond to overlapping π-π* transitions of both the ppy cyclometalate and the CNAr ligand. 

The shouldering of the band toward the visible region is assigned to the Ir-phen to phenyl charge 

transfer transition, which is well-documented previously for Ir(III) ppy complexes. 
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Figure 3.4: Electronic absorption and steady-state PL spectra of Ir1-Ir4 in THF. 

 

In Ir2, the π-π* bands shift to lower energy, now more broad and centered at 300 nm. 

This is attributed to the lowering of the CNAr energy through extension of π conjugation. The 

spectrum continues to exhibit the Ir-ppy to phen CT transition as a red shoulder. The spectra of 

Ir3 and Ir4 represent a drastic shift in the absorption profiles in these complexes. The most 

prominent features are red-shifted to >300 nm and sharpen. These features are assigned to the π-

π* transitions of the longer π-conjugated CNAr ligands. 
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Table 3.1: Summary of electronic absorption and steady-state PL values of Ir1-Ir4. 

Complex Abs λmax (ε) (nm) RT PL λmax (nm) 77 K Em λmax (nm) ΔES, cm-1 

Ir1 258 (57700), 311 
(16100), 346 (sh) (8500) 451, 484, 514 448, 481, 507 148 

Ir2 286 (72000), 308 
(59600), 346 (sh) (7900) 451, 481, 507 448, 481, 507 148 

Ir3 312 (97000), 331 
(88000), 352 (sh) (8300) 494, 526 448, 529, 548 249 

Ir4 312 (107400) 517, 554 502, 535, 581 578 

 

 

In the PL spectra, all complexes demonstrate substantial quenching in the presence of 

oxygen. In Ir1 and Ir2, the PL envelopes and coincident and represent emission from the 3LC 

state of the ppy. This emission profile as been seen in a number of previous examples of 

phosphorescent Ir-ppy complexes.1, 22 

Again, the spectra seen in Ir3 and Ir4 show a shift in the dominant photophysics. The 

high-energy onset of the emission is shifted lower in energy by at least 50 nm, with a 

significantly different structure. This emission profile is assigned to the 3LC state of the CNAr 

ligand. The emission band shape is analogues to previously reported complexes bearing these 

same CNAr ligands. 
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Figure 3.5: Steady-state PL spectra of Ir1-Ir4 in frozen glass of 2-MeTHF at 77 K. Dashed lines are included to 
guide the eye to difference in maxima between spectra. 

 

 In order to better understand the nature of the emitting states present, static PL 

measurements were performed in a frozen matrix of 2-methyltetrahydrofuran (2-MeTHF) at 77 

K. These low temperature PL spectra are given in Figure 3.5. Complexes Ir1 and Ir2 behave 

congruently, as with the RT PL spectra, with the only spectral changes occurring in the 

resolution of vibronic structure within the emission band. The thermally-induced Stokes shift 

[ΔES = E00(77K) – E00(298K)], the magnitude which qualitatively represents the amount of CT 

character present in the excited state, is 148 cm-1 in both complexes. This value points to 

negligible CT contribution, in agreement with previous reported assignment.19, 22 Complex Ir3 
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possesses a ΔES of only 249 cm-1, slightly greater but still not significant. In ir4, the shift 

increases by more than twice that to 578 cm-1. While still not representative of a state with a 

major CT transfer component, there is now evidence for a higher degree of CT character present 

in the excited state, nature of which will be elaborated on later in this chapter.		
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Figure 3.6: Ultrafast TA spectra of Ir1-Ir4 in THF. Arrows show progression of spectra with time. Inset of Ir4 
shows only early time points to highlight different prompt signal dynamics. 

 

Excited-State Dynamics. As seen in previous CNAr complexes26, simple examination of the 

static PL spectra is not sufficient in elucidating the true nature of the lowest energy excited-state, 

or the dynamics which occur to reach it. Therefore, this series was studied using ultrafast TA in 
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THF. The ultrafast TA difference spectra of each complex is given in Figure 3.6. In Ir1, the 

initially formed transient represents the formation of the CI mixed state of mostly 3LC, with a 

small degree of iridium(III) dπ character. As seen in numerous other examples of mixed triplet 

states of transition metal complexes, the transient signal observed is dominated by that of the LC 

state.27, 29-35 

In Ir2 and Ir3, significantly different dynamics are obvious upon simple visual 

inspection. The initially formed state is congruent with the prompt signal in Ir1, showing that the 

initial ISC pathway to the mixed ppy state is conserved. However, on the order of tens to 

hundreds of ps, a new signal grows in and then persists through the rest of the experiment. This 

strongly absorbing transient is assigned, based on previous CNAr complexes and free ligand 

sensitization26, as the pure 3LC of the CNAr fragment. The time constants associated with the 

growth of these signals represents the triplet migration across the molecule between spatially 

separate triplet manifolds. As seen in analogous rhenium(I) CNAr complexes, the triplet 

manifolds in Ir2 are sufficiently isoenergetic that at RT, thermal equilibrium gives rise to PL 

from the ppy fragment (with higher radiative rate constant), but absorption transients from the 

CNAr fragment (with greater absorptivity). 

Complex Ir4 show yet another stark difference in ufTA dynamics. Shown in the inset to 

Figure 3.6, the prompt transient that is formed is significantly different from those in Ir1–Ir3. A 

new feature, with a peak at 580 nm, is promptly formed, which then migrates to the pure CNAr 

triplet state. Due to its significant difference from transients in the rest of the series, and with the 

more significant ΔES discussed earlier, we assign this prompt state to a CT state which involves 

the CNAr fragment. 
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Figure 3.7: nsTA spectra of Ir1-Ir4 in THF. 
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Figure 3.8: nsTA decay kinetics of Ir1-Ir4 in degassed THF with single-exponential fits (blue). All decays 
measured from most prominent transient signals with 355 nm excitation  Ir3 and Ir4 kinetics of samples with 

concentrations of 1.6×10-6 M and 2.5×10-6 M, respectively. 

 

 

Table 3.2: Summary of photophysical parameters of Ir1-Ir4. 

Complex Φa τTA (µs) kr (s-1)b knr (s-1)b 

Ir1 0.49 24.3 20165 20988 

Ir2 0.49 61.3 7993 8320 

Ir3 0.05 374.6c 134 2536 

Ir4 0.07 2004.6c 35 464 
a. Measured relative to a 9,10-diphenylanthracene in cyclohexane standard quantum counter for Ir1 and Ir2, and 

quinine sulfate in 0.05 M H2SO4 quantum counter for Ir3 and Ir4, ± 10%.36, 37 b. Values calculated from the PL 
quantum yield and TA decay lifetime values, ± 5%. c. Excited-state lifetime extrapolated to infinite dilution, ± 5%. 

 

In all four complexes, the final transient signal at the latest delay time persists in the 

nanosecond TA experiment, with ~15 ns being the earliest signal available to that experiment. 

The lifetimes of these transients are given in Table 3.2. The magnitude (tens to hundreds of µs) 
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are consistent of the lowest triplet assignments of predominantly LC character. The nanosecond 

TA spectra, as well as relevant kinetic data are provided in the Figure 3.7 and summarized in 

Table 3.2. It should be noted that Ir3 and Ir4 display self-quenching behavior at higher 

concentrations. Because of this, Stern-Volmer analysis was performed in order to quantify this 

observation. The Stern-Volmer quenching constant, kq, were measured to be 4.2 ×108 and 1.5 

×108 M-1s-1 in Ir3 and Ir4, respectively. Similar self-quenching behavior was observed in Re(I) 

complexes of similar arylisocyanide ligands and was assigned to excimer-type self-quenching.26 

In these examples, only a single arylisocyanide ligand was coordinated to the metal center, and a 

simple intermolecular interaction between arylisocyanide conjugated tails was postulated. In the 

present series, it is more difficult to assign the exact interaction responsible for the self-

quenching, due in large part the presence of two arylisocyanide ligands per each complex. 
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3.4. Conclusions 

This work studied a series of Ir(III) cyclometalate complexes featuring CNAr ligands of 

extended π-conjugation. In all complexes, the majority of the photophysical properties involve 

3LC excited states, with some mixed 3MLCT character. As the 3LC energy of the CNAr ligand is 

lowered (by extension of conjugation), the photophysically active ligand switches from the ppy 

ligand (Ir1) to the CNAr moiety (Ir3 and Ir4). Complex Ir2 represents the case where the two 

3LC states are nearly isoenergetic, with the PL spectrum dominated by the brighter state (ppy) 

and the TA by the state with the higher excited state molar absorptivity (CNAr). With this shift 

in the photophysically active ligand, the PL quantum yield is significantly reduced while the 

excited state lifetime is drastically extended. In Ir3 and Ir4, there exists a concentration 

dependent self-quenching pathway, most likely due to intermolecular interactions of the CNAr π 

systems. As seen with previous arylisocyanide complexes in Chapter 2, 3LC excited states play a 

very important role in determining the photophysical behavior of high energy chromophores. 

Future directions, in which this work could lead, include the evaluation of π-conjugated 

CNAr ligands in complexes of Ir(III) with lower-energy cyclometalates. This would drastically 

lower the ligand energy to give visible light-absorbing complexes. This could also bring the 

longer π-conjugate CNAr ligand energies into isoenergetic arrangements, possibly producing 

novel photophysical behavior 
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Chapter 4: TADF and Photochemical Upconversion with a 

Long-Lived, Highly-Luminescent Complexes of Zr(IV) 

 

*A portion of this Chapter has been submitted for publication: Zhang, Y.; Lee, T. S.; Favale, J. 

M.; Petersen, J. L.; Scholes, G. D.; Castellano, F. N.; Milsmann, C. Science, 2019, submitted. 
 

4.1. Introduction 

In order to address growing global energy concerns, the utilization of light energy, either 

to produce electricity or generate high-energy fuels, is one promising solution. In order to drive 

these sorts of processes, transition metal complexes which feature highly energetic and long-

lived excited states have proven vital. However, the largest downside to these photosensitizers is 

in the earth abundance and related cost of the metals themselves. The most promising 

photosensitizers have been largely based on ruthenium1-3, iridium4-8, rhenium9-12 and platinum13-

18. These metals make up some of the least-abundant and most expensive options available. In 

order to make solar energy and fuel-generation a large-scale and economically viable solution, 

photosensitizer technologies most be able to take advantage of more crust-abundant metal 

sources. Figure 4.1 shows the elemental abundances within the earth’s crust. 
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Figure 4.1: Elemental abundance within the Earth’s crust. Adapted from source.19 

A number of examples of photosensitizers have been produced of iron20-32 and copper33-

42. However, these complexes present their own sets of challenges and drawbacks, such as low-

lying metal-centered transitions in Fe(II), or excited state distortion effects in Cu(I) which act to 

deactivate the excited states. Another possible solution was explored in the form of zero valent 

Group VI metals, chromium, molybdenum, and tungsten.43, 44 These complexes possessed 

desirable properties such as very high reduction potentials to drive photocatalytic reactions. 

However, the zero valent metals are extremely easy to oxidize in the ground state, leading to 

undesirable side reaction, and highly unstable complexes. 

One of the most promising developments in the field of non-precious metal 

photosensitizers has been in the work of the Milsmann group.45-47 The use of Zr(IV) in 

homoleptic pincer-type ligand environments has produced photosensitizers which are highly-

stable and long-lived. These complexes have shown to drive photochemical organic 

transformations, all while absorbing strongly in the middle of the visible spectrum. 
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Figure 4.2: Structure of Zr(MePDPPh)2 complex reported by Milsmann group. 

The structure of these complexes feature two tridentate ligands based on a pyridine 

dipyrrolide (PDP) moiety (Figure 4.2). This ligand is electron rich, allows for easy delocalization 

of charge, and can be easily oxidized. This ligand environment combined with the early 

transition metal ease of forming d0 complexes, the lowest energy charge-transfer transition is one 

of ligand-to-metal character (LMCT). This is manifested in the broad and featureless visible 

absorption band and further confirmed with the aid of electronic structure calculations (Figure 

4.3). 

 

Figure 4.3: Electronic absorption spectrum of Zr(MePDPPh)2 in THF (dashed line). The predicted absorption 
spectrum (TD-DFT) is given in red along with the corresponding frontier orbitals for the lowest energy transition.45 
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Figure 4.4: Electronic absorption (blue) and steady-state PL (red) spectra of Zr(MePDPPh)2 in THF (degassed for PL 
spectrum). 46 

 

This complex demonstrated photoluminescence (PL) at 594 nm (Φ = 0.08) with a 

remarkably long lifetime (τem = 325 µs) (Figure 4.4). This PL was quenched strongly by the 

presence of O2 indicating the involvement of a triplet state. Electrochemical studies indicated 

that the excited state complex was somewhat reducing, with a potential of 0.07 V vs Fc+/0, 

according to the Rehm-Weller formalism. This potential was sufficiently reducing to drive a 

number of organic transformations, summarized in Figure 4.5. 
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Figure 4.5: Photosensitized organic transformations evaluated with Zr(MePDPPh)2. 

 

Despite the promising display of properties by this complex. A number of problems 

remained unsolved in this complex. In particular, expanding the reactivity of the electron-transfer 

processes to include oxidation chemistry, as well as reducing the sensitivity of the complex to 

aqueous media, remained as particularly desirable goals. The other large question that remained 

was the exact nature of the excited state, specifically, the presence of a small Stokes shift 

(indicating singlet character) in combination with the substantial oxygen sensitivity of the PL 

and long-lived nature (characteristics of triplet character). To expand this study, a new complex, 

Zr(MesPDPPh)2 was synthesized by the Milsmann group and provided for further study. The 

experimental procedures for the synthesis of this complex is provided herein, however it should 

be stated for clarity that all synthetic procedures, as well as structural characterization, was 

performed by the Milsmann group. In collaboration, the exact nature and dynamics of the excited 
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state of this complex were elucidated, in particular the role of room temperature thermally 

activated delayed fluorescence (TADF) was confirmed. This represents the first example of an 

early transition metal complex with TADF from LMCT excited states. Furthermore, the 

utilization of this sensitizer for photochemical upconversion was examined. 
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4.2. Experimental 

Synthetic Considerations. All synthetic procedures and structure characterization were 

performed by the Milsmann group according to the following procedure. All air- and moisture-

sensitive manipulations were carried out using standard Schlenk line and cannula techniques or 

in a drybox containing an atmosphere of purified nitrogen. Solvents for air- and moisture-

sensitive manipulations were dried and deoxygenated using a Glass Contour Solvent Purification 

System and stored over 4 Å molecular sieves. All solids were dried under high vacuum and all 

liquids were distilled from sodium metal. Tetrabenzyl zirconium and 2,6-bis(5-mesityl-3-phenyl-

1H-pyrrol-2-yl)-pyridine (H2
MesPDPPh) were prepared following literature procedures. All other 

compounds were purchased from commercial sources. 

Synthesis of Zr(MesPDPPh)2. Tetrabenzyl zirconium (101 mg, 223 mmol, 0.53 eq) and 

H2
MesPDPPh (251 mg, 450 mmol, 1.00 eq) were loaded in a 50 mL thick-walled glass vessel in 

the glovebox. Approximately 5 mL of toluene was added. The thick-walled vessel was sealed 

with a PTFE screw cap and heated to 120 °C for 48 h. After cooling to room temperature, the 

reaction vessel was brought back into the glovebox and additional tetrabenzyl zirconium (101 

mg, 223 mmol, 0.53 eq) was added. The reaction mixture was heated for another 24 h at 120 °C 

(at this stage the ligand was fully consumed). The reaction was opened to air, toluene was 

removed using rotary evaporator, and the residue triturated twice with ethyl acetate to give red 

solid. The solid was redissolved in DCM/ethyl acetate and filter through a plug of silica gel. 

After removal of the solvent, the product was recrystallized by slow evaporation of THF under 

air. The product was collected as red crystals (Yield: 86 mg, 32%). Mp >320 °C. 1H NMR (400 

MHz, C6D6): δ 7.71 (d, 8H, J = 8.0 Hz), 7.38 (t, 8H, J = 8.0 Hz), 7.21 (t, 4H, J = 8.0 Hz), 6.50 (s, 

8H), 6.49 (d, 4H, J = 8.0 Hz), 6.25 (t, 2H, J = 8.0 Hz), 5.95 (s, 4H), 2.08 (s, 24H), 1.86 (s, 12H). 
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13C NMR (101 MHz, C6D6): δ 154.59, 142.58, 139.87, 138.39, 138.23, 136.81, 136.01, 131.76, 

130.50, 129.71, 128.75, 127.18, 115.58, 112.79, 23.08, 20.94, (one aromatic carbon 

overlapping). Anal. Calcd for C44H32N4Zr · 2 C4H8O: C, 79.12; H, 6.36; N, 5.89. Found: C, 

78.93; H, 6.35; N, 5.71. Single crystals suitable for X-ray crystallographic analysis were grown 

from a concentrated THF/Et2O solution of Zr(MesPDPPh)2 cooled to -35 °C. 

Photophysical Measurements. Electronic absorption spectroscopic measurements were 

recorded on a Shimadzu UV-3600 spectrophotometer in 1 cm quartz cuvettes with 

spectrophotometric grade THF as the solvent. Steady-state emission measurements were made 

on an FS-980 fluorimeter (Edinburgh Instruments) fitted with a 450 W xenon arc lamp and a 

PMT detector in sealable 1 cm quartz cuvettes designed for air-free handling. Temperature 

dependent measurements were performed using a Unisoku CoolSpeK UV. Frozen matrix 

measurements were performed in a quartz EPR tube, cooled in a liquid N2 dewar. 

Nanosecond TA Spectroscopy, Time-Resolved PL, and Time-Gated PL Spectroscopic 

Measurements. Nanosecond TA measurements and time-gated PL spectra were collected with a 

LP920 laser flash photolysis system (Edinburgh Instruments) using, for excitation, a Minilite 355 

Nd:YAG (Continuum). TA difference and PL spectra were collected using an iStar ICCD camera 

(Andor Technology), controlled by the LP900 software (Edinburgh Instruments). Emission 

decay kinetics were measured using Minilite 355 Nd:YAG (Continuum) excitation and collected 

using an apparatus described previously. All samples were prepared air-free in a glovebox and 

sealed in sealable 1 cm quartz cuvettes. 

Triplet Sensitization of Free Ligands. In order to obtain free-ligand triplet TA spectra, a 

sensitizer was added (to achieve an o.d. at excitation of ~0.2) to saturated solutions of the free 
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ligands is THF. All preparation was done air-free in a glovebox. Thioxanthone was used as the 

sensitizer and excited at 410 nm using the Vibrant 355 Nd:YAG/OPO (OPOTEK). To obtain the 

free-ligand phosphorescence spectrum, a 10% v/v EtI solution in 2-MeTHF was used as the 

solvent and cooled to 77 K. 
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4.3. Results and Discussion 

General Complex Properties. Due to the extreme steric bulk imparted by the pincer-type 

ligands, the Zr(IV) center of this complex is highly protected from environmental interactions. 

This gives the complex robust stability to air and moisture, as well as acidic and basic conditions. 

The complex is highly symmetric with respect to the Zr(IV) center, with the distorted octahedral 

structure confirmed by crystal structure. 

Electronic Absorption and Steady-state PL Spectra. The electronic absorption spectrum of 

the complex features a broad, featureless band with a local maximum of 525 nm and tails out to 

nearly 600 nm (Figure 4.6). This feature has been assigned to the 1LMCT transition from the 

PDP ligand moiety to the Zr(IV) center. The higher energy bands, in the UV region, are assigned 

to the 1LC transitions.  
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Figure 4.6: Electronic absorption and steady-state PL of Zr(MesPDPPh)2 in degassed THF. 
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In the static PL spectrum, the emission envelope is broad and featureless with a maximum at 581 

nm. The Stokes shift between the low-energy absorption maximum and the PL maximum is only 

1836 cm-1. This value is particularly small for a CT phosphorescence. Therefore, this feature is 

assigned as singlet fluorescence. The lifetime of this emission was measured at room temperature 

to be 255 µs. To better confirm the presence of a triplet state, singlet oxygen (1O2) 

phosphorescence was measured with excitation of the complex. The 1O2 detection experiments 

are shown in Figure 4.7.  
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Figure 4.7: Phosphorescence of 1O2 in aerated solution with 532 nm excitation of Zr(MesPDPPh)2
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Photophysics of H2
MesPDPPh Free Ligand. The free ligand corresponding to the complex of 

interest, with the pyrrole units protonated, was also studied as a control. The electronic 

absorption and steady-state PL spectra are shown in Figure 4.8. The ligand absorbs in the UV 

region of the spectrum and has bright fluorescence at 400 nm. The lifetime of this fluorescence 

was found to be 2.3 ns. The phosphorescence spectrum was obtained by using ethyliodide (EtI) 

as a heavy atom source to induce ISC in a frozen matrix of 2-MeTHF. To estimate the singlet-

triplet energy gap of the free ligand, the difference in maxima of the fluorescence and 

phosphorescence spectra was used. This energy gap was calculated to be ~6300 cm-1. These 

spectra are shown in Figure 4.9. 
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Figure 4.8: Electronic absorption and steady-state PL spectra of H2
MesPDPPh free ligand in THF. PL spectrum 

obtained with 350 nm excitation. 
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Figure 4.9: Steady-state PL spectra of H2
MesPDPPh free ligand in THF (red) and 10% EtI in 2-MeTHF frozen matrix 

at 77K. PL spectra obtained with 350 nm lamp excitation for fluorescence and pulsed laser excitation for 
phosphorescence (100 ms gate delay relative to excitation). 

 

Temperature Dependent Photophysics. Because the PL signal was found to be long-lived and 

efficiently quenched by O2, and the spin-orbit coupling (SOC) from the Zr(IV) metal center is 

expected to induce intersystem crossing (ISC), the triplet manifold must somehow be involved. 

These observations led to the hypothesis of a TADF process dominating the excited state 

dynamics. In order to confirm TADF, a thermally controlled process, temperature manipulation 

experiments were performed. PL spectra were recorded of the complex in a frozen matrix of 2-

MeTHF. At 77 K, all thermally activated pathways are turned off and PL should only be 

observed from the lowest populated excited state. Figure 4.10 shows the PL spectra at room 

temperature and 77 K, as well as 77 K PL decay kinetics for maxima within the spectra. What is 

immediately apparent is the large red shift in maximum as well as the resolution of vibronic 

structure. In order to confirm the structure present is due to a vibronic pattern, and not two 
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separate emission bands, single wavelength kinetics were obtained at the two maxima. These 

kinetics match with a lifetime of ~9 ms. This frozen matrix PL spectrum is assigned to the 3LC 

due to the deactivation of the thermal pathways of reverse-ISC as well as the shift of the 3LMCT 

higher in energy due to the rigidochromic effect. 

 

Figure 4.10: Static PL spectra of Zr(MePDPPh)2 at 77 K in 2-MeTHF (blue) and room temperature in THF (red). 

 

To better estimate the singlet-triplet energy gap from PL spectra, temperature-dependent 

measurements were performed while maintaining a fluid medium. These temperature dependent 

PL spectra are shown in Figure 4.11 and the normalized spectra of the room temperature, lowest 

temperature fluid solution, and 77 K frozen matrix are shown in Figure 4.12. In fluid solution, 

the singlet-triplet gap can be estimated from energetic gap of the respective maxima (ΔEs-t = Emax 

293K - Emax 143K). This gap was found to be 1503 cm-1. 
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Figure 4.11: Static PL spectra of Zr(MePDPPh)2 at variable temperature in 2-MeTHF fluid solution. 
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Figure 4.12: Normalized PL spectra of Zr(MePDPPh)2 at room temperature (red) and 143 K (blue) in 2-MeTHF fluid 
solution and 77 K 2-MeTHF frozen matrix (black). 
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To better estimate this singlet-triplet energy gap, a Boltzmann treatment can be applied. 

This model has been applied to TADF complexes of Cu(I) previously.36 Equation 4.1, along with 

Figure 13, define the fitting equation used with a generalized energy level diagram. 

!"#$ = &'()'*+
-∆.
/01

&)+
-∆.
/01

                    (4.1) 

 

 
Figure 4.13: General energy level diagram describing parameters involved in Eq. 4.11. 

 

For this treatment, the PL kinetics were measured as a function of temperature. Plotting 

the rate constant of the excited state decay vs. temperature allows for fitting with Eq. 4.1 and the 

calculation of the singlet-triplet gap, as well as the intrinsic time constants associated with the 

radiative decay from the individual states. The calculated energy gap was found to be ~1653 

cm-1, which is in good agreement with the estimated gap from the emission spectra. The radiative 

rate constants were found to be 2.8 ×107 s-1 (35 ns) for the singlet and 960 s-1 (1.04 ms) for the 

triplet. Figure 4.14 gives the Boltzmann distribution plot of the measured excited state decays as 

a function of temperature with the best fit of Eq. 4.1. 
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Figure 4.14: Boltzmann distribution plot of Zr(MePDPPh)2. The best fit of Eq. 4.1 is shown in blue. 

 

Time-dependent Measurements. In order to compare to ultrafast transient absorption data, 

obtained by Tia Lee at Princeton University (given in Appendix C), nanosecond transient 

absorption was performed. The spectra obtained matched the spectrum of the latest delay time of 

the ultrafast experiment, indicating that no relevant dynamics take place in between those time 

windows. This spectrum persists the decays symmetrically over the rest of the excited state 

lifetime. The lifetimes of both the PL and the transients were found to be in the range of ~220–

250 µs. Variances in the measured lifetimes are attributed to the significant temperature 

dependence of the lifetime. Small changes in temperature of the sample between experiments, 

including local heating effects of pulsed irradiation, are sufficient enough to vary the lifetime. 

The transient difference spectrum is shown in Figure 4.15. The single wavelength kinetics at 

excited state features and the ground-state bleach are shown in Figure 4.16. 
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Figure 4.15: Transient absorption spectrum of Zr(MesPDPPh)2 in THF. Spectrum obtained prompt after 532 nm 
excitation pulse (50 ns gate width, 3 nm BW). All spectral features decay symmetrically over duration of lifetime. 
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Figure 4.16: Transient absorption kinetics at various wavelengths corresponding to relevant features of spectrum in 
Figure 7. Kinetic traces fit with single exponential lifetimes. Variance observed in the lifetimes is attributed to small 
temperatures changes in sample as a result of continued pulse excitations. 
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Time-gated PL spectra were also obtained to assure no changes in the emission band shape with 

time. Over the entire excited state lifetime, the PL decayed symmetrically with a lifetime 

measured of 255 µs. The gated PL spectra are shown in Figure 4.17 with the corresponding 

single wavelength kinetics in Figure 4.18. 
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Figure 4.17: PL spectral map of Zr(MesPDPPh)2 at various delay times. Spectra recorded at corresponding gate delay 
relative to 532 pulsed excitation (50 ns gate width, 3 nm BW). 
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Figure 4.18: PL decay kinetics monitored at 590 nm. Kinetics fit with single-exponential decay. 
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Photochemical Upconversion. Due to the high stability and long-lived excited state 

demonstrated by this complex, its potential application to photochemical upconversion was 

investigated. For these studies, DPA was chosen as an acceptor for its lower energy triplet state 

and PL spectrum. As a first proof-of-concept, a qualitative mixture of Zr(MesPDPPh)2 and excess 

DPA were visualized under 532 nm laser pointer irradiation. When viewed through a 500 nm 

short pass optical filter, the blue upconverted emission of DPA was obvious (Figure 4.19). The 

anti-Stokes PL spectrum of DPA was also recorded with both laser and lamp excitation of the 

Zr(MesPDPPh)2 sensitizer (Figure 4.20). TA measurements were also performed in order to 

demonstrate the TTET to the DPA acceptor. Figure 4.21 shows the TA difference spectrum of 

the DPA triplet state from 532 nm pulsed excitation of the Zr(MesPDPPh)2 sensitizer. 

 

Figure 4.19: Upconversion of DPA from 532 nm excitation of Zr(MesPDPPh)2. Image viewed through 500 nm short 
pass optical filter. 
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Figure 4.20: Steady-state PL spectra of upconverted PL of DPA from 514 nm He/Ar CW laser (solid blue) and 532 
nm Xe lamp excitation (dashed blue) of Zr(MesPDPPh)2. Electronic absorption spectrum of Zr(MesPDPPh)2 included for 

clarity. 
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Figure 4.21: TA difference spectrum of DPA triplet state formed by 532 nm excitation of Zr(MesPDPPh)2 sensitizer. 
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Stern-Volmer analysis was performed, measuring both the Zr(MesPDPPh)2  PL intensity 

and lifetime quenching as a function of DPA concentration (Figure 4.22). In these studies, the 

quenching constant, kq, was calculated to be ~80,000 M-1. This value is quite high and represents 

an almost 35-fold increase over kq for some Cu(I) sensitizers with DPA.40 The power-

dependence measurements of this system were found to be quite challenging due to the TADF 

nature of the sensitizer. Because the populations of the excited state manifolds are highly 

dependent on temperature, local heating effects of irradiation, especially by CW laser, were 

found to give the PL intensity of the sensitizer nonlinear behavior with respect to excitation 

power. This led to power-dependence slopes with values that lack physical sense in a typical 

upconversion system. Further studies are needed to control sample temperature in order to obtain 

clean dependencies on excitation power. 
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Figure 4.22: Stern-Volmer plots of steady-state emission intensity quenching (top) and dynamic quenching 
(bottom) as a function of DPA concentration. Blue lines represent linear fit with (I0/I)-1=KSV[DPA] (top) and (τ0/τ)-

1=KSV[DPA] (bottom). 
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4.4. Conclusions 

In this study, the photophysics of a new Zr(IV) sensitizer, developed by the Milsmann 

group, were explored. This complex features a strong visible absorption band assigned to the 

mixed 1LMCT. The SOC of the Zr(IV) center leads to efficient ISC to the triplet manifold which 

is a mixed 3LMCT/3LC, based on previous assignments of a similar complex using electronic 

structure calculations. The emissive state of this complex at room temperature was found to be 

from the singlet state, and TADF was found to be the mechanism for the reverse ISC. Through 

Boltzmann analysis, the singlet-triplet gap was calculated to be ~1600 cm-1 and the excited state 

lifetime was found to be 200-255 µs and highly dependent on temperature. 

This complex was found to perform well as a sensitizer for photochemical upconversion. 

With DPA as the accepter, anti-Stokes emission was observed from excitation into the 1LMCT 

band of Zr(MesPDPPh)2. The Stern-Volmer analysis found the quenching constant to be ~80,000 

M-1 for triplet energy transfer to DPA, which rivals that of well-established porphyrin sensitizers. 

Further studies are necessary to quantify photochemical upconversion, including evaluation of 

the excitation power dependence of the upconverted PL using both coherent and non-coherent 

light sources. Future studies will also examine expanding the inventory of triplet 

acceptors/annihilators to pair with this Zr(IV) photosensitizer. 
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Appendix A: Supplementary Data for Chapter 2 

 

A.1. 1H NMR Spectra of Synthons, Ligands and Final Re Complexes 

 

 

Figure A.1: 1H NMR spectrum of 2,6-Diisopropylaniline (1) in CDCl3 
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Figure A.2: 1H NMR spectrum of 4-Bromo-2,6-diisopropylaniline (3) in CDCl3 
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Figure A.3: 1H NMR spectrum of N-Formyl-2,6-diisopropylaniline (4) in CDCl3 
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Figure A.4: 1H NMR spectrum of N-Formyl-4-bromo-2,6-diisopropylaniline (5) in CD2Cl2 
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Figure A.5: 1H NMR spectrum of N-Formyl-4-phenyl-2,6-diisopropylaniline (6b) in CD2Cl2 
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Figure A.6: 1H NMR spectrum of N-Formyl-4-phenylethynyl-2,6-diisopropylaniline (6c) in CD2Cl2 
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Figure A.7: 1H NMR spectrum of N-Formyl-4-biphenyl-2,6-diisopropylaniline (6d) in CD2Cl2 
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Figure A.8: 1H NMR spectrum of 2,6-Diisopropylphenylisocyanide (7a) in CDCl3 
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Figure A.9: 1H NMR spectrum of 4-Phenyl-2,6-diisopropylphenylisocyanide (7b) in CD2Cl2 
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Figure A.10: 1H NMR spectrum of 4-Phenylethynyl-2,6-diisopropylphenylisocyanide (7c) in CD2Cl2 
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Figure A.11: 1H NMR spectrum of 4-Biphenyl-2,6-diisopropylphenylisocyanide (7d) in CD2Cl2 
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Figure A.12: 1H NMR spectrum of Re(phen)(CO)3Cl (8) in CD2Cl2 
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Figure A.13: 1H NMR spectrum of [Re(phen)(CO)3(DippCN]PF6 (Re1) in CD2Cl2 
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Figure A.14: 1H NMR spectrum of [Re(phen)(CO)3(PhDippCN]PF6 (Re2) in CD2Cl2 
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Figure A.15: 1H NMR spectrum of [Re(phen)(CO)3(PhEthDippCN]PF6 (Re3) in CD2Cl2 



 160 

	

Figure A.16: 1H NMR spectrum of [Re(phen)(CO)3(DiPhDippCN]PF6 (Re4) in CD2Cl2 
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A.2. 13C NMR Spectra of Final Re Complexes 

 
	

 
Figure A.17: 13C NMR spectrum of [Re(phen)(CO)3(DippCN]PF6 (Re1) in CD2Cl2 
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Figure A.18: 13C NMR spectrum of [Re(phen)(CO)3(PhDippCN]PF6 (Re2) in CD2Cl2 
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Figure A.19: 13C NMR spectrum of [Re(phen)(CO)3(PhEthDippCN]PF6 (Re3) in CD2Cl2 
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Figure A.20: 13C NMR spectrum of [Re(phen)(CO)3(DiPhDippCN]PF6 (Re4) in CD2Cl2 
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A.3. High-Resolution Mass Spectrometry of Final Re Complexes 

 

 

 
Figure A.21: HR-MS of [Re(phen)(CO)3(DippCN]PF6 (Re1) 
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Figure A.22: HR-MS of [Re(phen)(CO)3(PhDippCN]PF6 (Re2) 
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Figure A.23: HR-MS of [Re(phen)(CO)3(PhEthDippCN]PF6 (Re3) 
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Figure A.24: HR-MS of [Re(phen)(CO)3(DiPhDippCN]PF6 (Re4) 
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A.4. ATR-FTIR Spectra of Final Re Complexes 
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Figure A.25: ATR-FTIR spectra of complexes Re1-Re4. 
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Appendix B: Supplementary Data for Chapter 3 

 

B.1. 1H NMR spectra of Synthons and Final Ir Complexes 

 

 

 

Figure B.1: 1H NMR spectrum of Ir2ppy4Cl2 in CD2Cl2 
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Figure B.2: 1H NMR spectrum of [Ir(ppy)2(DippCN)2]PF6 (Ir1) in CD2Cl2  
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Figure B.3: 1H NMR spectrum of [Ir(ppy)2(PhDippCN)2]PF6 (Ir2) in CD2Cl2  
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Figure B.4: 1H NMR spectrum of [Ir(ppy)2(PhEthDippCN)2]PF6 (Ir3) in CD2Cl2  
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Figure B.5: 1H NMR spectrum of [Ir(ppy)2(DiPhDippCN)2]PF6 (Ir4) in CD2Cl2  
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B.2. 13C NMR Spectra of Final Ir Complexes 

 

 

 

Figure B.6: 13C NMR spectrum of [Ir(ppy)2(DippCN)2]PF6 (Ir1) in CD2Cl2  
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Figure B.7: 13C NMR spectrum of [Ir(ppy)2(PhDippCN)2]PF6 (Ir2) in CD2Cl2  
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Figure B.8: 13C NMR spectrum of [Ir(ppy)2(PhEthDippCN)2]PF6 (Ir3) in CD2Cl2  
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Figure B.9: 13C NMR spectrum of [Ir(ppy)2(DiPhDippCN)2]PF6 (Ir4) in CD2Cl2  
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B.3. High-Resolution Mass Spectrometry of Final Ir Complexes 

 

 

Figure B.10: HR-MS of [Ir(ppy)2(DippCN)2]PF6 (Ir1) 
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Figure B.11: HR-MS of [Ir(ppy)2(PhDippCN)2]PF6 (Ir2) 
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Figure B.12: HR-MS of [Ir(ppy)2(PhEthDippCN)2]PF6 (Ir3) 
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Figure B.13: HR-MS of [Ir(ppy)2(DiPhDippCN)2]PF6 (Ir4) 
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B.4. ATR-FTIR Spectra of Final Ir Complexes		

	

	

 

Figure B.14: ATR-FTIR spectra of Ir1-Ir4 
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Appendix C: Supplementary Data for Chapter 4 
 

*Data in this Appendix provided by Milsmann group (WVU), along with Tia Lee (Princeton). 

C.1. 1H and 13C NMR Spectra of Zr(MesPDPPh)2  

 

 

Figure C.1: 1H NMR spectrum of Zr(MesPDPPh)2 in C6D6  
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Figure C.2: 13C NMR spectrum of Zr(MesPDPPh)2 in C6D6  
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C.2. Supplementary Photophysical Data of Zr(MesPDPPh)2  
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Figure C.3: Electronic absorption and steady-state PL spectra of Zr(MesPDPPh)2 in degassed THF (top left), benzene 
(top right), DCM (bottom left), and DMSO (bottom right). 

300 400 500 600 700 800

 THF
 PMMA

N
or

m
al

iz
ed

 In
te

ns
ity

 / 
A.

U
.

λ / nm
 

525 600 675 750

E
m

is
si

on
 In

te
ns

ity
 / 

A
.U

.

λ / nm

 THF
 PMMA

  

Figure C.4: Electronic absorption and steady-state PL spectra of Zr(MesPDPPh)2 in PMMA film and degassed THF 
(left). Steady-state PL spectra in PMMA film and THF degassed (solid line) and in air (dashed line). 
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Table C.1: Summary of low energy absorbance maximum and emission maximum data in various solvents for 
Zr(MesPDPPh)2 
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Figure C.5: Electronic absorbance (top) and steady-state PL spectra (bottom) of Zr(MesPDPPh)2 under N2 (red) and 
2h air exposure (black). The difference in absorbance values attributed to moisture absorbance by the THF solvent. 

 

 

	 λabs-max	(nm	/	cm-1)	 λem-max	(nm	/	cm-1)	 FWHM	(cm-1)	for	emission	band	

C6H6
	 528	/	18940	 581	/	17210	 1580	

THF	 526	/	19010	 580	/	17240	 1610	

DCM	 526	/	19010	 581	/	17210	 1590	

DMSO	 526	/	19010	 581	/	17210	 1650	

PMMA	film	 526	/	19010	 599	/	16690	 1320	
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Figure C.6: Representative PL decays of Zr(MesPDPPh)2 in various solvents. Red traces show best single-exponential 
fit. Blue traces show 516 nm excitation pulse. Top left: THF solvent, τ = 350 µs. Top right: Benzene solvent, τ = 

290 µs. Bottom left: DMSO solvent, τ = 270 µs. Bottom right: DCM solvent, τ = 330 µs. 
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Figure C.7: Quantum yield gradient plots for rhodamine 6G in ethanol (blue) (Φ = 0.94), Zr(MesPDPPh)2 (Φ = 0.45) 
in THF (red), Zr(MesPDPPh)2 (Φ = 0.38) in benzene (green), Zr(MesPDPPh)2 (Φ = 0.41) in DCM (purple) and 

Zr(MesPDPPh)2 (Φ = 0.39) in DMSO (pink). 

 

 

Table C.2: PL quantum yield and decay parameters for Zr(MesPDPPh)2 in various solvent polarities. 

	
relative	
polarity	

τ	/	μs	 ΦPL	 kr	(s
-1)	 knr	(s

-1)	

C6H6
	 0.111	 290	 0.38	 1310	 2138	

THF	 0.207	 350	 0.45	 1286	 1571	

DCM	 0.309	 330	 0.41	 1242	 1788	

DMSO	 0.444	 270	 0.39	 1444	 2259	

a	kr	=	ΦPL	/	τ,	knr	=	(1	-	ΦPL)	/	τ.		
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Figure C.8: Summary of ultrafast TA data of Zr(MesPDPPh)2 in THF at room temperature. A. Contour map. B. 
Kinetics and fits of short (<10ps) dynamics, generated by global analysis. C. Kinetics and fits of longer (<7000 ps) 

dynamics, generated by global analysis. D. TA difference spectra at short (<2.5 ps) time points E. TA difference 
spectra at long (<200ps) time points. 
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Figure C.9: Electronic absorption spectra of Zr(MesPDPPh)2 taken a various times over 48 h in THF/HCl (aq.) (9:1 
v/v; conc HCl) in air (top). Acid stability plot, relative absorbance at 525 nm over time (bottom). 
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Figure C.10: PL decay kinetics (430 nm PL, 375 nm excitation) of H2
MesPDPPh free ligand in THF, τ = 2.3 ns. Red 

trace shows best single-exponential fit. Blue shows excitation pulse. 

 


