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ABSTRACT 

Chapter 1 discusses the major findings and themes of the studies presented in this 

thesis. Chapter 2 presents a DFT-based methodology for quantifying entatic states. Here it is 

applied to Cu-based photosensitizers used for solar electricity generation, solar fuels 

synthesis, organic light emitting diodes (OLEDs), and photoredox catalysis. The 

methodology can be used to decouple the steric and electronic contributions to excited state 

dynamics and, in turn, can be used to guide the design of future photosensitizers. The 

computed entatic energies in some of the photosensitizers were the largest quantified to date: 

~20 kcal mol-1 relative to the conformationally flexible [Cu(phen)2]
+. Of course, considering 

typical chemical barriers and driving forces, these values are significant. 

Chapter 3 is an investigation of the ground and excited spin state energetics of a free 

carbene and several of its iron porphyrin carbene (IPC) analogs. Here it is shown that for the 

IPC models, multireference ab initio wave function methods give results most consistent 

with experiment. Specifically, the predicted, mixed singlet ground state is mostly dominated 

by the closed-shell singlet (Fe(II)←{:C(X)Y}0) configuration, with a small contribution from 

an Fe(III)–{C(X)Y}–• open-shell singlet configuration (hole in d(xz)). This description 

differs from that obtained by using DFT. Also, using the multireference ab initio wave 

methods, elongation of the IPC Fe–C(carbene) bond increases the weighting of this particular 

open-shell configuration within the ground state singlet. 

Chapter 4 also deals with a system where DFT and multireference ab initio results 

diverge: the light-induced Ni(II)–C homolytic bond dissociation in Ni 2,2’-bipyridine 

photoredox catalysts. DFT calculations give a barrier of ~30 kcal mol-1 while multireference 

ab initio calculations giving a barrier of ~70 kcal mol-1. Thus, within the latter description, a 
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previously proposed mechanism of thermally assisted dissociation from the lowest energy 

triplet ligand field excited state is unfavorable. Instead, the mechanism given by the 

multireference description is initial population of a singlet Ni(II)-to-bpy metal-to-ligand 

charge transfer (1MLCT) excited state followed by intersystem crossing and aryl-to-Ni(III) 

charge transfer. From accessible repulsive triplet excited states, homolytic bond dissociation 

can occur.  
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C h a p t e r  1  

INTRODUCTION 
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1.1. Opening Remarks 

This thesis presents several computational chemistry studies of first-row transition 

metal complexes with applications for solar energy conversion and catalysis. Chapter 2 

(supporting materials in Appendix A) developed an original methodology for quantifying 

entatic state energetics in molecules. Chapter 3 (supporting materials in Appendix B)  

characterized the electronic structure of the iron porphyrin carbene (IPC) reactive 

intermediates relevant to engineered carbene transferase enzymes. This characterization 

yielded useful insights regarding IPC reactivity. Chapter 4 (supporting materials in 

Appendix C) examined the homolytic bond dissociation in Ni(II) 2,2’-bipyridine 

photoredox catalysts; this examination yielded a new description of these complexes and 

their bond dissociation mechanism: a description involving strong Ni(II)-aryl bonds and 

ligand noninnocence. These studies utilized density functional theory (DFT) and 

multireference methods based on complete active space self-consistent field theory 

(CASSCF); Appendix D contains annotated example scripts for these calculations. 

 

1.2. Chapter Summaries and Core Concepts  

The bioinorganic concept of the entatic state involves placing a transition metal ion 

and its first-coordination sphere into a strained, energized geometric and electronic 

structure for the tuning of thermodynamic and kinetic parameters.1  Chapter 2 extended the 

entatic state concept to copper(I) photosensitizers useful for solar energy conversion.2 

Initially, a series of homoleptic copper(I) bis-phenanthrolines functionalized with alkyl 

groups at the ligand 2,9-positions were examined (Figure 2.2). For this series, several 

energetic parameters were found to linearly correlate with the experimental lifetimes (τ) of 



 

 

3 

triplet metal-to-ligand charge transfer (3MLCT) excited states. Of these, the excited state 

relaxation energy (γi; defined in Chapter 2 and Appendix A) was found to most robustly 

characterize the sterically-induced energization of the transient Cu(II) ion and its first 

sphere. For a four orders of magnitude increase in τ, this entatic energization had a value 

of ~20 kcal mol-1; this is the first quantification of entatic energetics in a molecular system, 

and notably the ~20 kcal mol-1 value is significant relative to chemical driving forces and 

barriers.  In light of calculated linear coupling terms, it became clear how the γi parameter 

relates to the shapes of excited state potential energy surfaces across the series of 

complexes. The obtained methodology was then applied to many additional classes of 

copper photosensitizers. 

The iron porphyrin carbene (IPC) is the reactive intermediate in engineered carbene 

transferase enzymes capable of catalyzing non-biological chemistry.3 Chapter 3 uses 

multireference methods to characterize the electronic structure of models for the IPC 

reactive intermediates.4 In contrast to previous broken-symmetry DFT studies5,6, but in 

agreement with related experimental studies3,7–9, the IPC ground state was found to be 

mixed, but largely dominated by the low-spin d6 Fe(II)←{:C(X)Y} closed-shell singlet 

(CSS). During bond dissociation scans of the iron-carbene bond, the open-shell singlet 

(OSS) Fe(III)–{C(X)Y}–• configuration became dominant at lengths relevant to those that 

could potentially be seen at transition states. This initial foray into understanding the 

relative electrophilic versus radical character of the IPC carbene center represents a step 

towards better understanding the reactivity profiles of the enzymes and molecular 

complexes operating through IPCs.   
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Ni(II) 2,2’-bipyridine photoredox complexes catalyze organic transformations via 

the generation of organic radicals and high/low-valence nickel species.10,11 Chapter 4 

presents the use of multireference methods to arrive at an original, potential mechanism for 

the homolytic bond dissociation in Ni(II) 2,2’-bipyridine photoredox complexes.12 In 

addition, the multireference description of the physical and chemical properties of the 

Ni(II) photoredox catalysts is unique; the description uniquely predicts of strong nickel-

aryl bonds and the importance of ligand noninnocence.  
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Abstract 

The entatic or rack-induced state is a core concept in bioinorganic chemistry. In its simplest 

form, it is present when a protein scaffold places a transition metal ion and its first 

coordination sphere into an energized geometric and electronic structure that differs 

significantly from that of the relaxed form. This energized complex can exhibit special 

properties. Under this purview, however, entatic states are hardly unique to bioinorganic 

chemistry, and their effects can be found throughout a variety of important chemistries and 

materials science applications. Despite this broad influence, there are only a few examples 

where entatic effects have been quantified. Here we extend the entatic concept more 

generally to photophysical processes by developing a combined experimental and 

computational methodology to quantify entatic states across an entire class of functional 

molecules, e.g., Cu-based photosensitizers. These metal complexes have a broad range of 

applications, including solar electricity generation, solar fuels synthesis, organic light 

emitting diodes (OLEDs), and photoredox catalysis. As a direct consequence of quantifying 

entatic states, this methodology allows the disentanglement of steric and electronic 

contributions to excited state dynamics. Thus, before embarking on the syntheses of new Cu-

based photosensitizers, the correlations described herein can be used as an estimate of entatic 

and electronic contributions and thus guide ligand design and the development of next-

generation transition metal complexes with improved and/or tailored excited state dynamics. 

Lastly, entatic energies in some Cu photosensitizers are the largest yet quantified and are 

found here to approach 20 kcal/mol relative to the conformationally flexible [Cu(phen)2]
+. 

These energetics are significant relative to typical chemical driving forces and barriers, 

highlighting the utility in extending entatic state descriptors to new classes of molecules and 
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materials with interesting functional properties involving the coupling between electron and 

vibrational dynamics. 
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2.1. Introduction 

 Energized states in proteins have been recognized since the 1950s.1,2 The concept 

was further developed and applied by a number of researchers, including Vallee, Williams, 

Malmström, and Gray,3–7 and was thereafter more colloquially referred to as the entatic6 or 

rack-induced5 (entatic/rack) state. In its simplest description, the entatic state in biology 

refers to the energy provided by the overall protein fold, inclusive of first and second spheres 

and long range H-bonding and electrostatics, to distort the ligand field around a transition 

metal ion. In doing so, the metal is endowed with an activated geometric and electronic 

structure that can finely tune a variety of functional properties. While a central concept in 

bioinorganic chemistry, it is still a major challenge to demonstrate the existence of and 

quantify entatic states, and only a few examples exist in the literature.8–12 

 Classic cases where the entatic state has been discussed include the blue (type 1, T1) 

and green (perturbed) Cu active sites7,13 and the ground state redox properties of their related 

Cu complexes.14–18 In addition to tuning redox potentials by varying free energies, the entatic 

state can also significantly affect electron transfer kinetics through a reduction in ground state 

inner sphere reorganization energies (λis). An interesting extension of ground state entatic 

contributions in Cu active sites and complexes has recently been discussed by Kohler et al.19 

and Dicke et al.,20 wherein entatic concepts were translated to understanding Cu(I) metal-to-

ligand charge transfer (MLCT) excited state dynamics. 

Ultrafast spectroscopies have provided a clear picture of the MLCT-triggered 

geometric and electronic structural dynamics of Cu(I) bis-phenanthroline (bis-phen) 

complexes.21–24 As illustrated in Figure 2.1, excitation into the 1MLCT absorption band of a 

Td Cu(I) complex induces the transient formation of an oxidized Cu(II) state. This photo-
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triggered, Cu-centered redox event induces a Jahn-Teller distorting force along a flattening 

mode in the excited state (Figure 2.1), and, upon intersystem crossing, a metastable 3MLCT 

state is formed. By introducing steric bulk at the 2,9-positions of the bis-phen ligand, the 

degree of structural flattening can be mitigated and the lifetime (τ) of the 3MLCT state can 

be tuned over many orders of magnitude (vide infra). Given the transient formation of Cu(II), 

the excited state structural dynamics mimic those that are relevant for Cu-based electron 

transfer active sites in biology and related Cu complexes. Thus, for Cu(I) bis-phen 

complexes, and Cu photosensitizers in general, the same structural contributions are 

responsible for tuning redox potentials and the potential energy surfaces involved in excited 

state formation and decay. The entatic state description provides a framework for 

understanding the important role of structure in tuning the kinetics associated with 

photophysical processes across Cu(I) photosensitizers. That said, as has been the case for 

biology, quantifying entatic contributions is not necessarily straightforward and has yet to be 

accomplished for photochemical dynamics. 
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Figure 2.1. 3MLCT excited state structural distortion in Cu(I) bis-phenanthroline complexes 

and their generalized excited state potential energy surfaces. The entatic state under 

consideration here inhibits the flattening of the dihedral angle upon formation of the 3MLCT 

excited state. 

 

It is also enlightening to consider the potential roles entatic states might play in other 

areas, as they should not be unique to Cu complexes and bioinorganic chemistry. For 

example, Snyder et al.25 has invoked an entatic state in heterogeneous catalysis, wherein 

structural contributions from a zeolite lattice activate a ferryl unit for the oxidation of the 

strong C–H bond of methane. Similarly, entatic contributions have been shown to tune the 

relative energies of the important S=1,2 spin states of ferryl complexes, leading to variations 

in alkane hydroxylation, alkene epoxidation, and phosphine and thioether oxidation.26 

Entatic-like effects, strains and stresses in particular, have also been shown to directly 

influence thermodynamic and kinetic aspects across a broad range of important chemistries 

and materials properties, including electrocatalysis,27–36 battery electrode materials,37–39 solar 

energy storage,40 transition metal-mediated organic synthetic reactions,41 single molecule 
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magnetism,42 photomagnetic/spin-crossover materials,43,44 internal conversion in 

fluorescent proteins and molecules,45,46 quantum information processing,47–49 and colossal 

magnetoresistance.50,51 

This wide range of chemical and physical properties where entatic-like effects have 

been invoked is perhaps not surprising given the general description above. For dynamic and 

photophysical processes, we would like to highlight the important coupling between 

molecular vibrations or phonons to key changes in electronic structure (e.g., intersystem 

crossing). Given the fundamental nature of this coupling, we can expect entatic-like effects 

to tune this coupling and influence the dynamic properties of interest. For example, ultrafast 

spectroscopies have highlighted the role of electron-nuclear coupling in photophysical 

processes, especially through analyses of wavepacket dynamics.52–55 Another interesting 

example in a solid state system involves strain-engineering in diamond vacancies for 

quantum information processing.47–49,56 Strain-induced distortions of nitrogen vacancies can 

modify the electron-phonon couplings that mediate intersystem crossings, and thus strain-

dependent intersystem crossing rates and/or emission energies represent a means to 

potentially quantify entatic-like contributions in the solid state.47 Thus, while analyzing 

entatic states with thermodynamic quantities and descriptors is attractive, the extension to 

understanding steric influences in dynamic processes and leveraging ultrafast spectroscopies 

represents an exciting area of exploration; these quantifications can better guide ligand and 

materials design, while also pushing forward our fundamental understanding of the key role 

played by the coupling of molecular vibrations to electron dynamics. 

We take a step in this direction by developing a combined experimental and 

computational methodology to quantify entatic states in photophysical processes and apply 
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this combined approach to an entire class of functional molecules, e.g., Cu-based 

photosensitizers. These complexes exhibit a broad range of applications, including solar 

electricity generation,57–62 solar fuels synthesis (e.g., H2 generation and CO2 reduction),63–70 

organic light emitting diodes (OLEDs),71–78 and photoredox catalysis in organic synthesis.79–

87 The experimental and computational approach outlined here utilizes electrochemical 

methods, ultrafast transient absorption spectroscopy, and emission spectroscopy and couples 

these to density functional theory (DFT) calculated redox potentials, ground state 

reorganization energies, and excited state relaxation energies. This approach gives a detailed 

picture of the ground and excited state potential energy surfaces involved in redox and the 

photodynamics of Cu(I)-based photosensitizers, which has provided the first quantification 

of entatic state contributions to a class of photoactive molecules. Importantly, once entatic 

contributions are quantified, contributions from sterics and electronics can be disentangled. 

By defining and quantifying entatic states, we provide a clear framework and picture of their 

fundamental origins and the role they play in tuning potential energy surfaces and thus spin-

vibrational coupling. Here we show that entatic energies in Cu(I) photosensitizers can 

approach 20 kcal/mol relative to the conformationally flexible [Cu(phen)2]
+. These 

energetics represent a significant contribution relative to typical chemical driving forces and 

barriers, further supporting their extension to catalysis, photophysics, and materials science. 

 

2.2. Results 

 In the following sections, we utilize the observation that the natural logarithms of the 

3MLCT excited state lifetimes, ln(τ)s, correlate linearly with a wide variety of 

thermodynamic and kinetic data on the 2,9-alkyl substituted Cu(I) bis-phenanthroline (bis-
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phen) complexes. These linear correlations provide slopes and thus quantifications of the 

complex energization (i.e., entatic state) due to structural constrains. Several approaches to 

quantifying entatic states using a broad range of experimental and computational data are 

discussed below. Lastly, while the majority of electrochemical data and lifetimes are gleaned 

from the literature, the electrochemical and excited state properties of the Cu(I) 2-methyl-

1,10-phenanthroline (mmp) complex (bis-mmp) were studied here for the first time. These 

new data span a previously unavailable yet critical region of the ln(τ) plots given here. 

 

2.2.1. Quantifying Entatic States in 2,9-Alkyl Substituted Copper(I) Bis-

Phenanthrolines  

 The reduction potentials (E°s) and 3MLCT excited state lifetimes (τ) for a variety of 

Cu(I) bis-phen complexes have been reported in the literature.21,23,24,88–92 Among these are 

six homoleptic Cu(I) bis-phen complexes differing only in the alkyl group at the 2,9-position 

of the phenanthroline ligand (viz., 1,10-phenanthroline (phen), 2,9-dimethyl-1,10-

phenanthroline (dmp), 2,9-dibutyl-1,10-phenanthroline (dbp), 2,9-dineopentyl-1,10-

phenanthroline (dnpp), 2,9-di-sec-butyl-1,10-phenanthroline (dsbp), and 2,9-di-tert-butyl-

1,10-phenanthroline (dtbp)) (Figure 2.2). Solely changing the alkyl group at the 2,9-positions 

tunes the Cu(I/II) E° over ~600 mV and 3MLCT lifetimes by greater than four orders of 

magnitude (e.g., from 140 ps (bis-phen) to 3.26 μs (bis-dtbp) in DCM).21 These systematic 

structure/function variations thus provide an opportunity to quantify entatic states in 

photophysical processes for the first time. Indeed, our examination of these complexes 

demonstrates that tuning the steric bulk of the alkyl chains at the 2,9-positions has a 

quantifiable effect on τ. In the following sections, we first correlate experimental and 
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computational E°s to evaluate potential entatic state contributions. Analyses are then 

extended to ground state inner sphere reorganization energies (λis) for Cu(I/II) redox and, 

finally, to Cu(I/II) 3MLCT excited state inner sphere relaxation energies (γis) and energy 

gaps. As shown below, entatic energies depend on the model used to quantify them. For Cu-

photosensitizers, we have determined that excited state relaxation energies provide a means 

to quantify purely steric contributions to 3MLCT dynamics (vide infra). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Phenanthroline and the 2,9-alkyl substituted ligands of the homoleptic 

complexes used to quantify entatic contributions to τ. 

 

2.2.1.1. Entatic Contributions and Cu(I/II) Redox Potentials 

 As pointed out recently for Cu(I) bis-phen complexes,19 variations in E°s and τs 

reflect the same structural distortion (Figure 2.1); therefore, one can draw a correlation 

between these experimental observables to quantify entatic contributions to photophysical 

dynamics. Experimental and calculated E°s (see Methods in Appendix A) for Cu(I) bis-phen 

and the 2,9-alkyl substituted complexes are given in Table 2.1 and Figure 2.3. The best 

agreement between theory and experimental E°s in DCM is observed for the BP86 
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functional. Thus, if not specified, calculated values correspond to values obtained using 

the BP86 exchange correlation functional. Within this functional, the best agreement is 

observed for the bulkier substituents (e.g., bis-dbp, -dsbp, and -dtbp). For bis-phen and -dmp, 

however, the calculated E°s (1.071 and 1.259 V, respectively) are higher than those observed 

experimentally (0.84 and 0.99 V, respectively). Furthermore, there is a fairly large E° 

difference between bis-phen and bis-dmp complexes relative to the other complexes with 

E°s reported in the literature (Table 2.1). For a more reliable overall comparison across the 

series, it is useful to fill this gap. Doing so is also important for analyzing 3MLCT lifetimes 

and relaxation energies (vide infra). We therefore synthesized the homoleptic Cu(I) complex 

with a 2-methyl-1,10-phenanthroline (mmp) ligand (bis-mmp)93 and measured its E° (0.99 

V) and photophysical properties for the first time (see Appendix A Figure A.2 and Methods 

for experimental details). Similarly to bis-phen and -dmp, the calculated E° (1.145 V) is 

higher than that observed experimentally. We return to this difference below (vide infra). 
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Table 2.1. Experimental and Calculated E°s (V vs. NHE) for 2,9-Alkyl Substituted Bis-

Phen complexes. 

 

Ligand BP86 

(eV) 

TPSSh (eV) B3LYP (eV) Experiment (V) BP86 – Exp. 

(V) 

phen 1.071 0.716 0.624 0.84a 0.23 

phen* 0.769 0.376 0.303 0.84a -0.07 

mmp 1.145 0.823 0.740 0.99a 0.16 

mmp* 1.048 0.702 0.612 0.99a 0.06 

dmp 1.259 0.978 0.887 1.19a 0.07 

dmp* 1.201 0.920 0.826 1.19a 0.01 

dbp 1.318 1.065 0.987 1.31b 0.01 

dnpp 1.248 0.983 0.909 1.31b -0.06 

dsbp 1.341 1.087 1.042 1.38b -0.04 

dmp-dtbp 1.459 1.243 1.197   

dtbp 1.401 1.205 1.218 1.40c 0.00 

*Optimized structure includes a weak H2O interaction as discussed in the text. 
a This work 
b Reference 88 
c Reference 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Comparison between experimental and calculated E°s for phen and 2,9-alkyl 

substituted complexes. Differences are given in Figure A.3. 
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As discussed above for E°, there is a nearly three order of magnitude gap between 

the τs of bis-phen and bis-dmp complexes (0.14 vs. 90 ns, respectively). We therefore 

measured the 3MLCT lifetime of bis-mmp in DCM. The absorption data and corresponding 

transient absorption data for bis-mmp are given in Figure 2.4 (excitation at 410 nm). Fits to 

the decay of the excited state absorption at 550 nm give a lifetime of 2 ns. Note that the 

correlations presented in Figures 2.5 and 2.6 below predicted a similar lifetime for bis-mmp 

a priori; this observation points to the predictive and interpretive power of the correlations 

addressed herein. The latter in particular is elaborated on through comparisons to other Cu(I)-

based photosensitizers in the Discussion section. 

 

 

Figure 2.4. Optical data for Cu(I) bis-mmp. (A) UV-vis spectrum and (B) transient 

absorption data obtained using 410 nm excitation. 

 

Experimental ln(τ)s are correlated to experimental E°s for bis-phen and the 2,9-alkyl 

substituted Cu(I) complexes in Figure 2.5. Given the broad range of structures, E°s, and 

lifetimes over these seven complexes, this linear correlation can provide a means to estimate 
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an entatic energy. The slope and y-intercept of the correlation between ln(τ) and E°, along 

with the corresponding regression analysis at the 95% confidence interval, provides an 

entatic energy of 3.2 ± 0.7 kcal/mol (0.14 ± 0.03 eV) for one order of magnitude change in τ 

(see Appendix A Table A.3 for analyses). The experimental τs of the complexes considered 

in Figure 5 span many orders of magnitude in τ; translating to this experimental window in 

3MLCT lifetime equates to an entatic energy of 12.9 ± 2.9 kcal/mol (0.56 ± 0.13 eV) for a 

four orders of magnitude change in τ. Note that entatic energies for this and all other sections 

are summarized in Table 2.4 in the Discussion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. The correlation between experimental E°s and ln(𝜏)s for bis-phen and 2,9-alkyl 

substituted Cu(I) complexes. The linear fit has an R2 = 0.963 and y = (15.89 V-1)x + 15.14.  

 

While the correlation between E° and ln(τ) is a potentially attractive means of 

determining entatic energies, solvation contributions can affect the Cu(I/II) E°. For instance, 
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E° for bis-dmp can shift quite dramatically when measured in different coordinating 

solvents (e.g., a shift of -0.16 or -0.29 V is observed moving from DCM to CH3CN or DMSO, 

respectively94). This solvent effect was successfully modeled assuming fast, reversible 

coordination upon oxidation, with little solvent binding to Cu(I).94 In addition to ground state 

redox, solvent interactions have also been invoked and discussed for Cu-based excited state 

3MLCT formation and decay.21,95 In the former case, coordination to Cu(II) stabilizes the 

oxidized state relative to the reduced state; this differential oxidation state stabilization 

decreases E°. Here, however, focusing solely on non-coordinating DCM allows us to 

effectively reduce contributions from direct solvent coordination to Cu(II) as much as 

possible and therefore provide a more accurate quantification of entatic contributions to E°. 

Nonetheless, despite being carried out in DCM, the electrochemical data for Cu(I) bis-phen 

is quasi-reversible, and high scan rates (>600 mV/s) are required (Appendix A Figure A.2). 

Thus, for the less solvent protected ligand sets, there are likely interactions between the 

oxidized state and some combination of solvent, electrode surface, and/or counter ion that 

can potentially contribute to E°. However, this selective interaction for Cu(II) is not 

accounted for using continuum solvation calculations, and we therefore attribute the 

discrepancies noted above (vide supra) between calculated and experimental potentials for 

bis-phen, -mmp, and -dmp complexes to this differential oxidation state stabilization. Note 

that the deviations between experiment and theoretical E°s are 0.23, 0.16, and 0.07 V for bis-

phen, -mmp, and -dmp, respectively, supporting the diminished differential oxidation state 

stabilization across this series as ligand bulk is increased. Importantly, this observation also 

suggests that solvent contributions can affect the correlation between E° and ln(τ), and thus 

the quantification of entatic contributions. For example, using the computational values of 
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E°, which should represent a limit where no differential Cu(II) interactions are present, the 

correlation between E° and ln(τ) gives entatic energies of 1.7 ± 0.5 (0.07 ± 0.02 eV) and 6.8 

± 2.1 kcal/mol (0.29 ± 0.09 eV), respectively, for one and four orders of magnitude change 

in τ (Appendix A Figure A.3). These values are less than the 3.2 ± 0.7 (0.14 ± 0.03 eV) and 

12.9 ± 2.9 kcal/mol (0.56 ± 0.13 eV) using experimental E°s (vide supra), which further 

indicates that differential oxidation state stabilization can affect the correlation between E° 

and ln(τ), and thus the entatic energy. 

The differential oxidation state interactions can be evaluated by including the effects 

of a weakly coordinating ligand interaction (H2O) in Cu bis-phen, -mmp, and -dmp 

complexes (denoted bis-phen*, -mmp*, and -dmp*). Note that the Cu(II)–OH2 bond in bis-

phen* is weak (~2.4 and ~2.5 Å in the oxidized and 3MLCT states, respectively) and 

significantly weaker in bis-mmp* (~2.9 and ~3.0 Å in bis-mmp*). Water does not bond to 

Cu(II) in bis-dmp* (Appendix A Figure A.4). Differential oxidation state stabilization in bis-

phen* lowers the calculated E° (BP86) from 1.07 to 0.77 V vs. NHE (Table 2.1 and Figure 

2.3), in better agreement with experiment. Additionally, including the oxidation state 

selective interactions in bis-mmp* and -dmp* lowers the calculated E°s to 1.048 and 1.201 

V, respectively, both improved relative to experiment. Lastly, correlating the calculated E°s 

and ln(τ) using these values for bis-phen*, -mmp*, and -dmp* (Appendix A Figure A.3) 

gives entatic energies of 3.3 ± 0.9 (0.14 ± 0.04 eV) and 13.1 ± 3.6 kcal/mol (0.57 ± 0.16 eV) 

for one and four orders of magnitude change in τ, respectively, in excellent agreement with 

values from purely experimental E°s (vide supra). 

In addition to sterics, the difference in the electron-donating ability of the 2,9-alkyl 

substituents relative to –H can contribute to E° by preferentially stabilizing the oxidized over 



 

 

22 

the reduced state. Here steric vs. electronic contributions can be decomposed using “H–

capped” versions of the 2,9-alkyl substituents, which involve replacing the 2,9-alkyl group 

with an H atom and keeping the geometry completely unperturbed otherwise. The resulting 

calculated E°s for these H–capped structures are given in Appendix A Table A.1; a linear 

correlation between H–capped and capped structures is given in Appendix A Figure A.5. 

Indeed, calculated E°s are sensitive to H–capping. For example, for bis-dtbp, -dsbp, and -

dmp, the difference in calculated E° between H–capped and uncapped structures is 0.148, 

0.040, and 0.013 V, respectively, showing a systematic decrease with increasing electron-

donating ability across the series. These contributions can also affect the correlation between 

E° and ln(τ). Using the calculated H–capped values and correlating with experimental ln(τ)s 

(Appendix A Figure A.3) results in entatic contributions for one and four orders of magnitude 

change in τ of 2.2 ± 1.0 (0.10 ± 0.04 eV) and 8.8 ± 4.1 kcal/mol (0.38 ± 0.18 eV), respectively. 

While the correlation for the H–capped structures is not as tight, these results suggest that 

the entatic contribution for the H–capped structures is larger than for the uncapped structures 

and that the electron-donating ability of the alkyl group opposes the entatic state. For a clearer 

comparison, τ increases from 0.14 to 3260 ns going from bis-phen to bis-dtbp. The calculated 

E°s for these structures vary by 0.330 V (~7.6 kcal/mol) in the uncapped structures. This 

difference increases to 0.476 V (~11.0 kcal/mol) in the H–capped structures. Therefore, the 

intrinsic entatic energy from bis-phen to bis-dtbp is opposed by the electron-donating dtbp 

group, consistent with the analyses using the slope of E° vs. ln(τ). 

 In summary, for this series of Cu photosensitizers, experimental E°s correlate linearly 

with τ over four orders of magnitude in lifetime. The slope of this correlation provides a 

potential quantitative estimate of the entatic contributions to τ. From experiment, the entatic 
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energy is estimated to be 12.9 ± 2.9 kcal/mol (0.56 ± 0.13 eV) for a four order of magnitude 

increase in τ. However, differential oxidation state interactions over this series of complexes 

can affect the correlation and result in an overestimation of the entatic energy. This is 

exemplified by comparing the entatic energies from calculated E°s with and without 

differential oxidation state interactions (6.8 ± 2.1 kcal/mol (0.29 ± 0.09 eV) and 13.1 ± 3.6 

kcal/mol (0.57 ± 0.16 eV), respectively, for a four order of magnitude increase in excited 

state lifetime). Additionally, steric and electronic contributions to the slope can be 

decomposed using H–capped vs uncapped structures. Analyses of these structures indicate 

that the electron-donating ability of the 2,9-alkyl substituents oppose the entatic contributions 

to the potentials and lifetimes from sterics; this is exemplified by the bis-phen to bis-dtbp 

comparison described above, for which the entatic energy is opposed by electron-donation 

by ~3 kcal/mol (~0.1 eV). 

 Finally, while the correlation between E° and ln(τ) is insightful, the entatic energies 

are estimated solely using thermodynamic parameters. In addition to the effects discussed 

above, these energies do not fully account for important contributions from the full potential 

energy surfaces involved in excited state relaxation processes, and are thus not most relevant 

for analyzing kinetics. The analysis is therefore translated to Cu(I/II) ground state inner 

sphere reorganization energies, excited state relaxation energies, and energy gaps below. 

 

2.2.1.2. Entatic Contributions and Cu(I/II) Reorganization Energies 

 Entatic states have been invoked to rationalize the small reorganization energies of 

biological electron transfer active sites, which for T1 Cu active sites (e.g., plastocyanin, 

azurin) range from 0.7–1.2 eV.96,97 This value contains contributions from the outer sphere 
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reorganization as well, and the inner sphere contribution is thought to be ~0.4 eV. Here we 

use λis as an alternative means of quantifying entatic contributions to excited state processes, 

as they better capture the relative curvatures of the potential energy surfaces involved in 

redox and photophysical processes. 

The approach described by Ryde et al.98,99 (see Appendix A Figure A.1) has been 

applied successfully in calculating the λis for a wide-range of Cu complexes. Here λis have 

been calculated for a series of bis-phen and 2,9-alkyl Cu(I) complexes (Table 2.2 and Figure 

2.2). λi for bis-phen is calculated to be 1.06 eV (BP86). For comparison, this value is lower 

than that reported by Ryde et al. for Cu(I/II)(NH3)4 (1.40 eV),98 which reflects the increased 

steric constraints provided by the phen ligand relative to NH3. Note that the majority of λi for 

Cu(I/II)(NH3)4 derives from the tetragonal distortion.96,98 Beyond E°, additional insights 

regarding entatic contributions, including potential energy surfaces and their curvatures, can 

be determined from ground state λis. 

As discussed above, a correlation can be drawn between the calculated ground state 

λis and the experimental ln(τ)s. This correlation, given in Figure 2.6A, is also linear and 

provides entatic contributions for one and four orders of magnitude change in τ of 4.3 ± 0.6 

and 17.3 ± 2.2 kcal/mol. These calculated λis are free from differential oxidation state 

contributions, as was evaluated above for redox potentials. For comparison, using bis-phen*, 

-mmp*, and -dmp* in the correlation provides entatic contributions for one and four orders 

of magnitude change in τ of 5.4 ± 0.5 and 21.7 ± 2.0 kcal/mol. 
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Table 2.2. Comparisons between Excited State Lifetimes and Calculated Ground State 

Reorganization Energies, Excited State Relaxation Energies, and Energy Gaps for 2,9-Alkyl 

Substituted Bis-Phen Complexes.a 

 

Ligand 𝜏 (ns) ln(𝜏) 𝜆 (eV)b 𝜆 (eV)c 𝛾 (eV)b 𝛾 (eV)c EG (eV)b EG (eV)c 

phen 0.14 -1.97 0.994  

(22.9) 

1.064  

(24.5) 

1.434 

(33.1) 

1.428  

(32.9) 

0.778 

(17.9) 

0.767 

(17.7) 

phen*   1.067  

(24.6) 

1.222  

(28.2) 

1.391 

(32.1) 

1.411  

(32.5) 

0.655 

(15.1) 

0.627 

(14.5) 

mmp 2d 0.69 0.706  

(16.3) 

0.763  

(17.6) 

1.114 

(25.7) 

1.112  

(25.6) 

1.044 

(24.1) 

1.029 

(23.7) 

mmp*   0.802  

(18.5) 

0.922  

(21.3) 

1.202 

(27.7) 

1.202  

(27.7) 

0.944 

(21.8) 

0.932 

(21.5) 

dmp 90 4.50 0.484  

(11.2) 

0.521  

(12.0) 

0.910 

(21.0) 

0.890  

(20.5) 

1.377 

(31.8) 

1.360 

(31.4) 

dmp*   0.481  

(11.1) 

0.526  

(12.1) 

0.865 

(19.9) 

0.867  

(20.0) 

1.330 

(30.7) 

1.321 

(30.5) 

dbp 150 5.01 0.445  

(10.3) 

0.458  

(10.6) 

0.747 

(17.2) 

0.725  

(16.7) 

1.507 

(34.8) 

1.507 

(34.8) 

dnpp 260 5.56 0.388  

(9.0) 

0.393  

(9.1) 

0.665 

(15.3) 

0.664  

(15.3) 

1.418 

(32.7) 

1.423 

(32.8) 

dsbp 400 5.99 0.397  

(9.2) 

0.407  

(9.4) 

0.715 

(16.5) 

0.716  

(16.5) 

1.511 

(34.8) 

1.515 

(34.9) 

dmp-dtbp 730e 6.59 0.383  

(8.8) 

0.381  

(8.8) 

0.616 

(14.2) 

0.621  

(14.3) 

1.658 

(38.2) 

1.649 

(38.0) 

dtbp 3260 8.09 0.176  

(4.1) 

0.183  

(4.2) 

0.312 

(7.2) 

0.312  

(7.2) 

1.896 

(43.7) 

1.894 

(43.7) 

*Optimized structure includes a weak H2O interaction as discussed in the text. 
a Unless indicated, lifetimes were taken from Table 1 of Ref 21 and references cited therein. 

Parenthetical values in kcal/mol. 
b Gas phase. 
c CPCM corrected. 
d This work. 
e Reference 92. 
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Figure 2.6. Correlations between ln(𝜏)s and (A) ground state reorganization energies, (B) 

excited state relaxation energies, and (C) energy gaps for bis-phen and the 2,9-alkyl 

substituted Cu(I) complexes. The linear fit (black line) is shown for BP86. For A, the fit has 

R2 = 0.984 and the equation y = (-12.06 eV-1)x + 10.59. For B, R2 = 0.956 and the equation 

y = (-9.58 eV-1)x + 12.05. For C, R2 = 0.965 and the equation y = (9.23 eV-1)x + 8.55.  
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As presented above for ground state redox, the λis can be corrected for electron-

donating effects of the 2,9-alkyl substituents to decompose the steric and electronic 

contributions to λi by analyzing the H-capped structures. The H–capped results provide 

entatic contributions for one and four orders of magnitude in τ of 4.4 ± 0.7 and 17.7 ± 3.0 

kcal/mol (see Appendix A Figure A.6). These values are similar to those obtained from 

uncapped structures, indicating that, unlike E°s, electron-donating effects are minimized in 

the evaluation of λi. Thus, the entatic contributions estimated using λi are largely due to 

sterics and further suggest that sterics play a more significant role in excited state lifetimes 

than electron-donating contributions. This is corroborated below using excited state 

relaxation energies. 

Lastly, entatic contributions estimated for over four orders of magnitude change in τ 

are similar between gas phase and CPCM solvation approaches (15.7 ± 2.4 and 17.3 ± 2.2 

kcal/mol, respectively). This observation further supports that λis moreso reflect 

geometric/steric contributions as opposed to solvation and/or electron-donating effects. 

In summary, for this series of Cu(I) photosensitizers, the calculated λis correlate 

linearly with ln(τ) over four orders of magnitude in τ. The slope of this correlation provides 

a potential quantitative estimate of the entatic contributions to the excited state lifetimes. The 

entatic energy using this method is estimated to be 17.3 ± 2.2 kcal/mol for a four order of 

magnitude increase in τ. In contrast to E°s, differential oxidation state interactions over this 

series of complexes have a significantly smaller effect on the correlation between energetics 

and ln(τ). Furthermore, electron-donating effects, estimated using the comparison between 

H–capped and uncapped structures, are minimized in λis, which results in similar estimates 

of entatic contributions. 
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2.2.1.3. Entatic Contributions and Cu(I/II) Metal-to-Ligand Charge Transfer 

Relaxation 

 In addition to λis, the same methodology can be translated to estimate excited state 

3MLCT relaxation energies (γis). The calculated γis (see Methods and Appendix A Figure 

A.7) are given in Table 2.2 and their correlation with experimental ln(τ) is given in Figure 

2.6B. This correlation provides entatic contributions of 5.3 ± 1.1 and 21.2 ± 4.5 kcal/mol, 

respectively, for one and four orders of magnitude change in τ. 

 To provide an experimental calibration, 77 K emission spectra were collected on 

[Cu(dsbp)2][PF6] and [Cu(dmp)2][PF6] complexes (Appendix A Figure A.10) in 1:1 

toluene/DCM glasses, and experimental bandwidths and fittings provide γis of 0.66 and 0.77 

eV, respectively.100 These values are in fair agreement with those calculated for bis-dsbp and 

-dmp complexes (0.715 and 0.910 eV, respectively) and are in good agreement with the 

overall correlation between ln(τ) and γi for bis-phen and the 2,9-alkyl complexes (Figure 

2.6B, pink circles). 

 As done above, the potential role of differential solvation can be evaluated using the 

γis estimated for bis-phen*, -mmp*, and -dmp*. Using these structures in the correlation, 

entatic energies for one and four orders of magnitude in τ are estimated to be 5.5 ± 1.0 and 

21.8 ± 4.1 kcal/mol, respectively. Furthermore, the role of electron-donation can be evaluated 

using the H–capped and uncapped structures. Using the H–capped structures gives entatic 

contributions of 5.2 ± 1.4 and 20.8 ± 5.5 kcal/mol, respectively, for one and four orders of 

magnitude change in τ. As with λis, γis provide very similar entatic contributions using H–

capped vs. uncapped structures, both suggesting that excited state lifetimes are largely 

governed by sterics, and electron-donating contributions from the 2,9-alkyl groups are 
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minimal. Furthermore, entatic contributions over four orders of magnitude in τ are similar 

between gas phase and CPCM solvation approaches (21.3 ± 4.8 and 21.2 ± 4.5 kcal/mol, 

respectively). This further supports the observation that the calculated γis purely reflect 

geometric and steric contributions to the relaxation energy. 

In summary, for this series of Cu photosensitizers, the calculated γis correlate linearly 

with ln(τ) over four orders of magnitude in τ. The slope of this correlation provides a potential 

quantitative estimate of the entatic contributions. The entatic energy estimated for four orders 

of magnitude in τ using the uncapped structures (21.2 ± 4.5 kcal/mol) is essentially identical 

to those determined using H–capped structures (20.8 ± 5.5 kcal/mol) or those accounting for 

differential oxidation state stabilization (21.8 ± 4.1 kcal/mol). Additionally, gas phase and 

CPCM corrected calculations provide essentially identical entatic contributions. Thus, 

correlating γis and experimental τs provides a robust means to quantify purely geometric and 

steric contributions from the entatic state. As discussed below, we therefore use this 

correlation to provide a comparison to a variety of classes of Cu-based photosensitizers 

reported in the literature. 

 

2.2.1.4. Entatic Contributions and the Cu(I/II) Metal-to-Ligand Charge Transfer 

Energy Gap 

 In addition to λis and γis, we can apply the same correlation between ln(τ) and the 

calculated energy gap between the 3MLCT excited state and the reduced ground state in the 

equilibrium structure of the 3MLCT excited state (Appendix A Figure A.1B). These energies 

are reported in Table 2.2 and correlated with ln(τ) in Figure 2.6C (also see Appendix A Figure 

A.8). This correlation provides entatic contributions of 5.6 ± 1.0 and 22.2 ± 4.2 kcal/mol, 
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respectively, for one and four orders of magnitude change in τ. This is in good agreement 

with entatic estimates using γis. 

 As done above, the potential role of differential solvation can be evaluated using the 

energy gaps for bis-phen*, -mmp*, and -dmp*. Using these structures in the correlation, 

entatic energies for one and four orders of magnitude in τ are estimated to be 6.4 ± 0.9 and 

25.6 ± 3.8 kcal/mol, respectively. Furthermore, using the H–capped structures gives entatic 

contributions of 5.5 ± 1.6 and 22.1 ± 6.2 kcal/mol, respectively, for one and four orders of 

magnitude change in τ. As with λis and γis, energy gaps provide very similar entatic 

contributions using H–capped vs. uncapped structures, both suggesting that excited state 

lifetimes are largely governed by sterics, and electron-donating contributions from the 2,9-

alkyl groups are minimal. Furthermore, entatic contributions over four orders of magnitude 

in τ are similar between gas phase and CPCM solvation approaches (21.9 ± 4.3 and 22.2 ± 

4.2 kcal/mol, respectively). This further supports the observation that the calculated λis, γis, 

and energy gaps purely reflect geometric and steric contributions to the relaxation energy. 

 In summary, similarly to λis and E°s, the entatic energetics from the energy gap are 

somewhat sensitive to differential solvation, whereas γis appear to provide entatic energies 

that reflect steric contributions over this series of Cu bis-phen-based complexes. From these 

data, the entatic state can provide a strong influence over dynamics that can be described by 

the energy gap law.  
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2.2.1.5. Perturbations to the 2,9-Position: Effects of π-Stacking and Structural 

Flattening 

 The data in Figure 2.6B determined the purely steric contributions to the excited state 

dynamics of Cu(I) bis-phen and 2,9-alkyl complexes, which provides a powerful means to 

draw insights into excited state dynamics by quantifying and decomposing additional 

structural and/or electronic-withdrawing/-donating effects. This can be accomplished for any 

Cu-based photosensitizer for which τ is known experimentally by adding the corresponding 

point(s) onto the correlation between ln(τ) and γi. Excellent first examples of this are the 

Cu(I) bis-phen complexes with aryl substituents at the 2,9-positions (Figure 2.7A). As shown 

in Figure 2.7B, the homoleptic Cu(I) complex with the 2,9-diphenyl-1,10-phenanthroline 

(dpp) ligand has a distinctly flattened structure in the Cu(I) ground state relative to those with 

H– or alkyl groups (e.g., ~90° vs. ~70° for Cu(I) bis-phen and bis-dpp). This flattening is due 

to the π-stacking between the aryl groups of the dpp ligand. Here, in addition to bis-dpp, we 

have investigated homoleptic complexes with the ligands 2,4,7,9-tetraphenyl-1,10-

phenanthroline (tpp), 2,9-bis(4-methylphenyl)-1,10-phenanthroline (dmpp), 2,9-diphenyl-

4,7-dimethyl-1,10-phenanthroline (dpdmp), and 2,9-diphenyl-3,4,7,8-dimethyl-1,10-

phenanthroline (dptmp). While τs for these complexes only span ~230 – 480 ns, they exhibit 

distinctly different structural characteristics relative to the alkyl complexes. Note that in our 

investigations of the aryl complexes, we encountered a glitch in the CPCM cavity 

construction in ORCA, which resulted in erroneous SCF energies, specifically for these aryl 

complexes. We therefore could only obtain gas phase values of γi across this series. However, 

as shown above, gas phase and CPCM calculations yield identical results for correlations 

between ln(τ) and γi, and therefore this has essentially no effect on the analysis. 
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The gas phase derived correlation between ln(τ) and γi for the 2,9-alkyl complexes 

is reproduced in Figure 2.8. The 2,9-aryl complexes (green circles, Figure 2.8) fall in a cluster 

below the line defined by the 2,9-alkyl complexes. This deviation could be due to either steric 

or electronic contributions from the phenyl rings. H–capped structures can be used to 

evaluate this. Upon capping, the γi of the 2,9-diphenyl complexes all systematically increase. 

This increased γi would bring the points in for the uncapped structures in Figure 2.8 closer 

to the correlation generated from the 2,9-alkyl complexes. Thus, electronics do play a role in 

the differences between the 2,9-aryl and the 2,9-alkyl complexes, albeit a somewhat minor 

one. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. 2,9-aryl bis-phens. (A) The 2,9-aryl substituted ligands of the homoleptic 

complexes used to investigate the effects of π-stacking and structural flattening on τ. (B) 

Comparison between the flattening angles for the bis-phen and bis-dpp ground states. 
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Figure 2.8. ln(τ) vs. γi for the bis-phen, 2,9-alkyl, and 2,9-aryl substituted complexes in the 

gas phase. The gas phase fit for the 2,9-alkyls has an R2 = 0.952 and the equation y = (-9.50 

eV-1)x + 12.04. 

 

 Furthermore, because these complexes are already flattened in the ground state due 

to π-stacking, minimal structural changes are required to reach the equilibrium 3MLCT states 

from the corresponding ground states. For bis-dpp, the difference in the ligand plane 

flattening angle between the ground and 3MLCT states is only 11° compared to 54° for bis-

phen. The excited state potential energy surfaces of the 2,9-aryl complexes are also 

significantly shallower relative to the 2,9-alkyls, which is indicative of a decreased distorting 

force in the 3MLCT state (vide infra). 

The calculated γi values of bis-tpp, bis-dmpp, bis-dpp, and bis-dpdmp all fall within 

a <1 kcal/mol range. In the reduced and 3MLCT states, their structures all have ligand plane 

flattening angles of ~69° and ~58°, respectively. However, bis-dptmp has a γi value ~1.0 
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kcal/mol higher than that for bis-dpdmp, the complex with the next largest γi value. bis-

dptmp also differs in its ligand flattening angles, 77° for the reduced state and 64° for the 

3MLCT state. The methyl-groups at the 3,8-positions are the only possible sources of this 

difference. A second H-capping at the 3,4,7,8-positions has very little effect on the calculated 

γi value relative to the first H-capping. As might be expected, the 3,8-methyl groups are 

mostly accounted for by steric bulk rather than electron-donating effects. For bis-tpp, 

removing the phenyl groups at the 4,7-positions, however, increases γi by ~1 kcal/mol 

relative to the value from the first H-capping. As these rear-facing groups are unable to 

experience steric clashes, this indicates that there is a small, but noticeable effect on γi from 

the electronics of the 4,7-phenyl groups. 

 In summary, the 2,9-aryl complexes have significantly diminished γis relative to 

[Cu(phen)]+ due to the structural flattening present in the ground state. This lowered value 

of γi results in a significant increase in the 3MLCT lifetime. Electronics also play a minor 

role in the 2,9-aryl complexes. The effects result in noticeable shifts from the correlation 

generated by the 2,9-alkyl complexes, in which γi is dominated by sterics. 

 

2.2.1.6. Excited State Linear Coupling Terms 

 Entatic states can strongly modify the locations and curvatures of potential energy 

surfaces involved in excited state relaxation processes. The correspondence between γi and 

the curvature of the excited state potential energy surfaces can be directly evaluated through 

examination of a quantity known as the linear coupling term (LCT), which takes into account 

the displacement between the ground and excited state potential energy surfaces. This 

displacement of the excited surface relative to the ground state results in a distorting force 
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along a normal mode, qi. This distorting force can be quantified by evaluating the effect of 

electron-nuclear coupling on the total energy of the excited state:101 

 

                                                𝐸𝑒𝑙𝑒𝑐−𝑛𝑢𝑐
𝑒 = ⟨𝜓𝑒

𝑒𝑙𝑒𝑐|
𝜕𝑯𝐸𝑆

𝜕𝑞𝑖
|𝜓𝑒

𝑒𝑙𝑒𝑐⟩ 𝑞𝑖,                            (eq 2.1) 

 

For non-zero values of this integral, the excited state will distort along qi by a value 𝛥qi; the 

force present in the excited state can be determined by calculating the energy change in the 

electronic transition to 𝜓e with a change along the coordinate qi. The resulting line is the LCT 

(Figure 2.9A), the slope (𝜕E/𝜕qi) of which corresponds to the excited state distorting force 

and therefore reflects the relative curvature of the excited state potential energy surface near 

the ground state equilibrium geometry (i.e., in the vicinity of the Franck-Condon region). 

The 3MLCT excited state slopes and LCTs for bis-phen and bis-dmp complexes are 

given in Figure 2.9B. These were determined by calculating the relative energy separation 

between the Cu(I) ground state and 3MLCT excited state along qi, the ground state structure’s 

ligand flattening vibrational mode (see Figure 2.1). This is accomplished by distorting the 

ground state structure along the ligand flattening normal mode, and then, without further 

relaxing the geometry, calculating the triplet single point energy. This allows for the 

evaluation of the 3MLCT excited state slope near the Franck-Condon geometry. For the bis-

phen and -dmp complexes, the 3MLCT potential energy surface exhibits the expected 

‘double-well’ shape as a consequence of the Jahn-Teller distortion present along the 

flattening mode. From Figure 2.9B, the slope (and thus the LCT) is larger for bis-phen than 

bis-dmp. Linear fits provide quantitative slopes of -0.0182 and -0.0122 eV/° for bis-phen and 
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bis-dmp complexes, respectively. Thus, both γi (vide supra) and the LCT decrease in going 

from bis-phen to bis-dmp. 

 

 

Figure 2.9. Linear Coupling Terms. (A) Origin and depiction of the linear coupling term. 

(B, left) Calculated linear coupling terms for bis-phen and bis-dmp. (B, right) Linear fits of 

the linear coupling terms in B, left. All fits have values of R2 > 0.99. 

 

From the LCTs and the results presented above for γi (section 2.2.1.3), a general 

picture of the entatic state can be drawn for these Cu(I)-based photosensitizers (Figure 2.10). 

The entatic state shifts the 3MLCT excited state to angles closer to 90° (black arrow in Figure 

2.10) while concomitantly increasing their curvature (black to blue surfaces in Figure 2.10). 

Thus, the entatic state changes the point of intersection between the two ‘double-well’ 

potential energy surfaces and results in a decrease in the LCT, and thus the magnitude of 

electron-nuclear coupling in the Franck-Condon region (black to blue boxes in Figure 2.10). 
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Figure 2.10.  Generalized depiction of the entatic state and its effects on the potential energy 

surfaces for 3MLCT formation and relaxation. 

 

For comparison, the LCTs were also determined for the 2,9-aryl complexes discussed 

above. Because the Cu(I) ground state is already considerably flattened, there should be no 

‘double-well’ potential energy surfaces for the 2,9-alkyl complexes. This is observed in 

Figure 2.9, middle, for bis-dpp (green circles). In addition, for this change in the potential 

energy surface for the 2,9-alkyl vs. -aryl complexes, the resulting LCT is also an order of 

magnitude smaller for the latter complexes (Table 2.3), indicating an even smaller magnitude 

of electron-nuclear coupling in the Franck-Condon region for the 2,9-aryl complexes. This 

is consistent with their significantly reduced γis relative to bis-phen and bis-dmp (Table 2.2). 
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 In summary, entatic states result in strongly modified locations, curvatures, and 

intersections of the potential energy surfaces involved in photochemical dynamics, and γis 

and LCTs provide a detailed picture and quantification of these entatic contributions. 

Table 2.3. Comparison Between Calculated Values of γi for H–Capped and Uncapped 

Versions of the 2,9-Aryl Complexes.a 

 

Ligand 𝜏 

(ns) 

ln(𝜏) 𝛾 

(eV)b 

𝛾 

(eV)c 

𝛾 

(eV)d 

Δ𝛾 

(eV)e 

Red. 

Angle 

(°) 

Trip. 

Angle 

(°) 

LCT 

(eV/°) 

phen 0.14 -1.97 1.434  

(33.1) 

1.434  

(33.1) 

1.434  

(33.1) 

0.0  

(0.0) 

90.0 35.5 0.0198/

0.0166 

dmp 90 4.50 0.910  

(21.0) 

0.891  

(20.5) 

0.891  

(20.5) 

-0.020  

(-0.5) 

90.0 59.7 0.0122 

tpp 230 5.44 0.382  

(8.8) 

0.489  

(11.3) 

0.525 

(12.1) 

0.107  

(2.5) 

69.4 58.3 0.0023 

dmpp 237 5.47 0.379  

(8.7) 

0.495  

(11.4) 

0.495  

(11.4) 

0.116  

(2.7) 

69.4 58.1 0.0028 

dpp 270 5.60 0.397  

(9.2) 

0.494  

(11.4) 

0.494  

(11.4) 

0.097  

(2.2) 

69.5 58.6 0.0019 

dpdmp 310 5.74 0.405  

(9.3) 

0.504  

(11.6) 

0.511 

(11.8) 

0.099  

(2.3) 

69.7 58.1 0.0068 

dptmp 480 6.17 0.448  

(10.3) 

0.514  

(11.9) 

0.509 

(11.7) 

0.066  

(1.5) 

77.0 63.7 0.0085 

a Lifetimes were taken from Table 1 of Reference 21. Parenthetical values in kcal/mol. 
b Uncapped complexes. 
c H–capped at 2,9-positions. 
d H–capped at all positions. 
e Difference between uncapped and H–capped at 2,9-positions. 

 

2.3. Discussion 

 Photosensitizers have a broad range of applications, including solar electricity 

generation, solar fuels catalysis, photoredox catalysis, and OLEDs. Their applicability hinges 

on excited state lifetimes and excited state redox potentials. In terms of the former, much 

discussion has revolved around sterics and increasing structural rigidity. For Cu-based 

photosensitizers, the direct correlation between their excited state structural changes and the 
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ground state redox properties of electron transfer active sites of metalloproteins has 

inspired an extension of the entatic/rack-induced state to photosensitizer dynamics.19,20 

While a core concept in bioinorganic chemistry and a powerful way to inspire new ligand 

design, the entatic state is difficult to quantify, and there are only a few examples in the 

literature where this has been accomplished.8–12 Here we have leveraged correlations 

between 3MLCT excited state lifetimes of Cu(I) bis-phen complexes and their corresponding 

E°s (Figure 2.5), λis, γis, and energy gaps (Figures 2.6A/2.6B/2.6C, respectively). These 

linear correlations are observed for over four orders of magnitude change in τ and provide a 

direct means to quantify entatic state contributions to the excited state dynamics of a broad 

range of Cu(I)-based photosensitizers. 

There can be differences in the quantified entatic energies, however, depending on 

which correlation is used. A summary of values for different approaches is given in Table 

2.4. When using E°s, there can be significant contributions from differential oxidation state 

stabilization, which, for Cu(I) bis-phen complexes, stabilizes the oxidized over the reduced 

state and lowers the redox potential. This can affect the correlation between ln(τ) and redox 

potential. For example, from Table 2.4, the correlation between ln(τ) and experimental redox 

potential provides an estimate of an entatic contribution of 12.9 ± 2.9 kcal/mol for a four 

order in magnitude change in τ, while the same correlation using calculated values of redox 

potentials gives 6.8 ± 2.1 kcal/mol. The difference between these values largely derives from 

the overestimation of the calculated E°s of bis-phen, -mmp, and -dmp complexes. This 

overestimation decreases the slope of the ln(τ)/E° correlation and gives rise to a lower value 

of entatic energy. Above, it was shown that accounting for the differential oxidation state 

stabilization for the three complexes (using bis-phen*, -mmp*, and -dmp*) results in a slope 
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of 13.1 ± 3.6 kcal/mol, in much better agreement with experiment. Lastly, by using H–

capped structures, it was demonstrated that the electron donating effects of the 2,9-alkyl 

substituents can oppose the entatic state contributions (e.g., by ~3 kcal/mol for bis-phen vs. 

bis-dtbp). 

Table 2.4. Entatic state analyses.a  

 

Method R2 slope 

(eV) 

y-int 

(eV) 

Entatic  

(kcal/mol)b 

Entatic  

(kcal/mol)c 

E° (1)d 0.963 0.0606 0.9616 3.2 ± 0.7 12.9 ± 2.9 

E° (2)e 0.935 0.0322 1.1264 1.7 ± 0.5 6.8 ± 2.1 

E° (3)f 0.946 0.0616 0.9440 3.3 ± 0.9 13.1 ± 3.6 

E° (4)g 0.857 0.0414 1.1243 2.2 ± 1.0 8.8 ± 4.1 

λi (1)h 0.984 -0.0816 0.0873 4.3 ± 0.6 17.3 ± 2.2 

λi (2)i 0.992 -0.1020 1.0010 5.4 ± 0.5 21.7 ± 2.0 

λi (3)j 0.972 -0.0832 0.8817 4.4 ± 0.7 17.7 ± 3.0 

λi (4)k 0.977 -0.0740 0.8156 3.9 ± 0.6 15.7 ± 2.4 

γi (1)h 0.956 -0.0998 1.2383 5.3 ± 1.1 21.2 ± 4.5 

γi (2)i 0.966 -0.1027 1.2571 5.5 ± 1.0 21.8 ± 4.1 

γi (3)j 0.934 -0.0979 1.2378 5.2 ± 1.4 20.8 ± 5.5 

γi (4)k 0.952 -0.1002 1.2461 5.3 ± 1.2 21.3 ± 4.8 

EG (1)h 0.965 0.1046 0.9424 5.6 ± 1.0 22.2 ± 4.2 

EG (2)i 0.978 0.1205 0.8395 6.4 ± 0.9 25.6 ± 3.8 

EG (3)j 0.926 0.1043 0.9172 5.5 ± 1.6 22.1 ± 6.2 

EG (4)k 0.962 0.1032 0.9539 5.5 ± 1.1 21.9 ± 4.3 
a Error analyses conducted at the 95% confidence interval. 
b One order of magnitude change in τ. 
c Four orders of magnitude change in τ. 
d Using experimental E°s. 
e Using calculated E°s (uncapped). 
f Using calculated E°s with differential oxidation state stabilization (bis-phen*, -mmp*, and 

-dmp*). *Optimized structure includes a weak H2O interaction as discussed in the text. 
g Using calculated E°s (H–capped). 
h Using calculated energies (uncapped). 
i Using calculated energies with differential oxidation state stabilization (bis-phen*, -mmp*, 

and -dmp*). 
j Using calculated energies (H–capped). 
k Using calculated energies (uncapped, gas phase). 
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Overall, the sensitivity to differential oxidation state contributions, largely 

stemming from the fact that the total oxidation state changes during redox (i.e., Cu(I/II)), in 

addition to contributions from electron-donating/-withdrawing effects of the 2,9-alkyl 

groups, suggests that using the correlation between E° and ln(τ) is not an ideal way to 

quantify entatic states in photophysical processes. This is perhaps not surprising given that 

ground state potentials are thermodynamic quantities and do not take into account important 

contributions from shifts and changes in the curvature of the excited state potential energy 

surfaces when an entatic state is present (Figure 2.10). 

 The extension of the correlation to λis alleviates some of the issues presented using 

E°s. The entatic energies estimated using the correlations with calculated λis are also given 

in Table 2.4. Here the correlation provides an entatic energy of 17.3 ± 2.2 kcal/mol, and 

differential oxidation state stabilization using bis-phen*, -mmp*, and -dmp* provides an 

entatic energy that varies less relative to the same comparison using redox potentials (21.7 ± 

2.0). Additionally, the entatic energy is not sensitive to electron-donating/-withdrawing 

effects (i.e., H–capped vs. capped, 17.3 ± 2.2 vs. 17.7 ± 3.0 kcal/mol, respectively). These 

observations are also mirrored by the use of calculated γis, which provide an entatic energy 

of 21.2 ± 4.5 kcal/mol for a four order of magnitude change in τ. This value is similar when 

incorporating differential oxidation state stabilization, H–capped vs. uncapped structures, or 

gas phase vs. CPCM calculations (Table 2.4), which indicates that it is a robust, general 

means to estimate entatic contributions to photophysical processes. This correlation is used 

below to quantify entatic energies across other types of Cu(I)-based photosensitizers. 
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2.3.1. Extension to Other Copper(I) Bis-Phenanthrolines 

 In addition to the 2,9-alkyl and -aryl complexes discussed above, a variety of other 

copper(I) bis-phen-based complexes have been characterized in the literature. These 

homoleptic complexes are based on the ligands: 4,4’,6,6’-tetramethyl-2,2’-bipyridine 

(tmbp), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bathocuproine or bcp), 2,9-di-n-

butyl-4,7-dimethyl-1,10-phenanthroline (dbdmp), 2,9-bis(trifluoromethyl)-1,10-

phenanthroline (bfp), 2,9-dineopentyl-1,10-phenanthroline (dnpp), 2,9-di-n-butyl-3,4,7,8-

tetramethyl-1,10-phenanthroline (dbtmp), and 2,9-dichloro-1,10-phenanthroline ligand (Cu-

Cl, for consistency102) (Figure 2.11).21,102,103 γi values were calculated for these complexes 

and are compared to the ln(τ) vs. γi line given by the 2,9-alkyl complexes in Figure 2.12A. 

 In Figure 2.12A, the non-diphenyl Cu(I) bis-phen-based complexes all fairly closely 

track the ln(τ) vs. γi line given by the 2,9-alkyl complexes. Of these species and those 

discussed above, the bis-bfp and Cu-Cl complexes are unique due to the presence of electron-

withdrawing groups at the 2,9-positions. Using the gas phase correlation between ln(τ) and 

γi, the estimated entatic energies for bis-bfp and Cu-Cl are 16.5 ± 3.4 and 14.3 ± 3.0, 

respectively. However, we can further investigate the potential role of electronics provided 

by the –CF3 and –Cl substituents using the H–capped structures. The gas phase γis for the 

uncapped and H–capped versions of bis-bfp are 0.793 and 0.721 eV (Δ = -0.072 eV, -1.6 

kcal/mol), respectively, while the analogous values for Cu-Cl are 0.722 and 0.856 eV (Δ = 

0.134 eV, ~3.1 kcal/mol). Consistent with the earlier discussion of λis and, especially γis, the 

excited state lifetimes appear to be largely reflecting the steric effects on structure, and the 

electronic contributions to the lifetimes are relatively minor. 
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Figure 2.11. Additional ligands for homoleptic Cu(I) bis-phenanthroline complexes of 

interest.  

 

 

Figure 2.12. Gas phase plots of ln(τ) vs. (A) γi and (B) energy gap for all Cu(I) complexes. 

Linear fits are for the 2,9-alkyl complexes. Deviations from these fits reflect key differences 

in geometric vs. electronic contributions to excited state dynamics.  
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Previous discussions in the literature have ascribed the long lifetime of bis-bfp to 

the electron-withdrawing nature of the –CF3 substituents.92 The analysis here suggests 

otherwise. For comparison, the flattening angle of bis-bfp in the Cu(I) ground state and 

3MLCT excited states are 89° and 66°, respectively. Interestingly, the same angles for bis-

dbp are very similar to bis-bfp at 90° and 65°. Additionally, the γis for bis-bfp and bis-dbp 

are within ~1 kcal/mol, and their respective lifetimes are 165 and 150 ns (Appendix A Table 

A.4). Thus, the power of the entatic analysis is highlighted here and suggests that the excited 

state lifetime of bis-bfp is not strongly influenced by electron-withdrawing effects. Rather, 

steric contributions are dominant. 

Cu-Cl provides another interesting comparison. It was shown above that the γi of Cu-

Cl is reduced by 0.134 eV (~3.1 kcal/mol) by the –Cl substituent. Furthermore, the ligand 

flattening angles in the reduced and 3MLCT states are 90° and 59°, respectively. For 

comparison, the same angles for bis-dmp are 90°and 65°. However, bis-dmp has a γi of 0.910 

eV, which is 0.188 eV higher than Cu-Cl. This higher γi is present despite the smaller change 

in ligand flattening for bis-dmp relative to Cu-Cl. However, despite this reduced γi for Cu-

Cl relative to bis-dmp, it still has a reduced excited state lifetime (63 ns) relative to bis-dmp 

(90 ns), which suggests that electronics play a role in the excited state lifetime. This is in 

agreement with a recent study of the effects of halogen substituents by Pellegrin et al.102 

Thus, the entatic state analyses can be used to disentangle steric and electronic effects across 

Cu(I)-based photosensitizers, and bis-bfp and Cu-Cl have provided two interesting examples 

for mononuclear Cu(I) complexes. Similar analyses are extended to binuclear Cu(I) 

complexes below. 
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2.3.2. Additional Classes of Copper Complexes 

 In addition to Cu(I) bis-phen complexes, a wide range of additional Cu(I) complexes 

with long 3MLCT excited state lifetimes have been reported. Among these are three- and 

four-coordinate mononuclear amidophosphine complexes104,105 and binuclear Cu complexes 

constructed from either [PPP]- (bis(2-di-iso-propylphosphinophenyl)phosphide)106 ({PPP-

Cu(I)}2) or [PNP]- (bis(2-(diisobutylphosphino)pheny)amide)107,108 ({PNP-Cu(I)}2) ligands 

reported by Peters et al. McMillin et al. pioneered insights into two classes of heteroleptic 

Cu(I) complexes constructed from one 2,9-alkyl substituted 1,10-phenanthroline (phen, dmp, 

or dbp) and a bulkier phosphine ligand (e.g., POP (bis[2-(diphenylphosphino)phenyl]ether) 

or two triphenylphosphines (PPh3)).
109 Additionally, Shi et al. has recently developed highly 

emissive two-coordinate Cu(I) complexes with carbene and carbazolyl ligation.71 These 

complexes provide an interesting opportunity to utilize the correlations developed above to 

gain further insights. 

The γi values for these complexes were calculated and are compared to the ln(τ)/γi 

correlation generated by the 2,9-alkyl complexes in Figure 2.12A. We first discuss the results 

related to the amidophosphine and carbene complexes (orange, white, and beige circles in 

Figure 2.12A). For [PN]Cu(PPh3)2, and (Ph3P)2Cu(cbz), using the τs of 20,300 and 11,700 

ns equates to decreased excited state structural reorganization of 27.5 ± 5.8 and 26.3 ± 5.5 

kcal/mol, respectively, relative to [Cu(I)(phen)2]
+. However, the excited states of these 

mononuclear Cu complexes do not feature pure 3MLCT excited states like the bis-phen-

based Cu(I) and the binuclear Cu(I) complexes (vide infra) and therefore the reduced 

structural reorganization energies for these complexes are not ascribed to entatic 

contributions. Instead, the long lifetimes of these complexes derive from a change in the 
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relevant excited state from 3MLCT-based to intra-104 or inter-ligand-based.105 Thus, these 

complexes achieve intrinsically lower structural reorganization by leveraging a different 

excited state that delocalizes the electron/hole over the ligand framework. 

 Shi et al.71 has developed a series of two-coordinate Cu(I) complexes featuring an N-

heterocyclic carbene and carbazolyl (Cz) ligands. For the monoamido-aminocarbene 

(MAC*) complex, (MAC*)Cu(CzCN), the 1200 ns lifetime equates to a decreased excited 

state structural reorganization of 21.0 ± 4.4 kcal/mol relative to [Cu(I)(phen)2]
+. Similarly to 

the amidophosphine complexes considered above, Shi et al.71 have ascribed the excited state 

to an interligand charge transfer, albeit with a small Cu contribution, and we therefore do not 

ascribe these lower structural reorganization energies to entatic contributions. Rather, these 

are again ascribed to electron/hole delocalization over the ligand framework due to a different 

excited state. Lastly, the two-coordinate Cu(I) carbene complexes were used to develop new 

materials for OLEDs. While beyond the scope of this study, in principle one could also use 

plots similar to those in Figures 2.6A/B/C to develop an entatic description that describes 

nonradiative vs radiative decay channels, as well as the energy of light emission, which 

would provide a means to develop new luminescent Cu(I) complexes for applications in 

OLED technology. 

An additional interesting set of points is McMillin’s heteroleptic phen-based 

complexes containing the POP ligand (Figure 2.12A, pink markers). While there are only 

three data points, it appears that these complexes form a line parallel to the homoleptic 2,9-

alkyl substituted complexes. Thus, across this series of three POP complexes, the steric bulk 

at the 2,9-positions of the phen ligand tunes ln(τ) and γi in a similar fashion as the bis-phen 

2,9-alkyl complexes. The shift in y-intercept between the bis-phen complexes and the 
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heteroleptic phen-POP complexes quantifies the differential effect of the ligand–metal 

bonding between bis-phen and phen-POP complexes and how this affects γi, with the POP 

ligand actually giving rise to a larger γi. For the phen-POP complex, the angle between the 

phen ligand and the P–Cu–P plane is 87° and 57° in the reduced and 3MLCT states, 

respectively. Going to the more constrained dmp-POP complex, these angles are 88° and 

75°, respectively. These angles are actually similar to those corresponding to the bis-dbp and 

bis-dtbp 2,9-alkyl complexes (Appendix A Table A.6). These bis-phen complexes would be 

near to the phen-POP points if the latter were translated to the line made by the 2,9-alkyl 

complexes in Figure 2.12A. Finally, we note that the Cu–ligand bonding in the 3MLCT 

excited states is quite different for the bis-phen and phen-POP complexes. For example, in 

the 3MLCT state of bis-dbp, the Cu Loewdin spin density and population is 0.58 and ~50%, 

respectively, while in the phen-POP complex, they decrease to 0.46 and ~35%, indicating 

significantly more covalent ligand–metal bonding. This is expected in going from the Cu–N 

bonds of the bis-phen complexes to the Cu–P bonds of the phen-POP complexes. Thus, while 

the phen-POP complexes are constrained due to entatic contributions, which gives rise to 

their long lifetimes, their γis are increased relative to the 2,9-alkyl complexes due to more 

covalent and stronger Cu–P vs. Cu–N bonds. The comparison between Figures 2.12A and 

2.12B is also insightful for these complexes and is touched on briefly below (vide infra). 

The binuclear Cu complexes (yellow markers, Figure 2.12A) from Peters et al.106,108 

fall particularly close to the correlation generated by the 2,9-alkyl complexes. These 

binuclear Cu complexes have long lifetimes (10,900 and 600 ns for {PNP-Cu(I)}2 and {PPP-

Cu(I)}2, respectively) and small γis and 𝜆is (0.352/0.550 eV and 0.208/0.389 eV for {PNP-
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Cu(I)}2 and {PPP-Cu(I)}2, respectively). Harkins et al.108 ascribed the long lifetime to 

limited excited state structural reorganization and provided an experimental estimate of γi 

(~0.32 eV), which is in agreement with the calculations presented here. Using the gas phase 

correlations between ln(τ) and γi, the {PNP-Cu(I)}2 and {PPP-Cu(I)}2 complexes have 

reduced γi contributions of 26.1 ± 5.5 and 19.4 ± 4.1 kcal/mol, respectively, relative to the 

structurally flexible [Cu(I)(phen)2]
+. Using the 𝜆i correlation gives 15.0 ± 6.3 and 8.3 ± 4.9 

kcal/mol. Regardless of method, there is a ~7 kcal/mol difference in 𝜆i/γi between the [PNP]- 

and [PPP]- ligand sets, with [PNP]- providing reduced energies. Below, we identify the origin 

of this difference. 

In addition to the purely steric constraints provided by the 2,9-alkyl ligand sets, 

excited state electron delocalization in binuclear assemblies can also contribute to their 

reduced γis relative to a mononuclear Cu complex. Analogous to electron transfer active sites 

in biology, excited state 3MLCT formation in a binuclear assembly may benefit from excited 

state mixed valency to reduce reorganization energies.110 Electron delocalization plays an 

important role in the inner sphere reorganization energies of class II vs. class III binuclear 

metal sites and is described by:110 

 

                                                           𝜆𝑖 = 𝑘𝑑𝑖𝑠𝑛(Δ𝑟)
2,                                             (eq 2.2) 

 

where kdis is the force constant of the distortion coordinate, n is the number of distorting 

bonds, and Δr is the magnitude of bond distortion upon redox. For a valence-localized dimer, 

n is halved and Δr is doubled (nmon/ndim ~0.5 and Δrmon/Δrdim ~2). Assuming similar force 

constants and the absence of more global structural changes during redox, λi is roughly twice 
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as large for a localized oxidation. Indeed, electron delocalization in the 3MLCT state of 

the [PNP]- complex can be observed in a plot of the excited state 𝛽-LUMO reflecting the 

transient oxidation of the Cu2N2 core (Figure 2.13A). As in the CuA active site, metal-metal 

interactions facilitate a class III mixed-valent (e.g., Cu(1.5)/Cu(1.5)) 3MLCT excited state. 

 

 

 

 

 

 

 

Figure 2.13. Key geometric and electronic structural influences for the excited state 

dynamics of the binuclear Cu(I) complexes considered here. (A) Delocalized 3MLCT 𝛽-

LUMO for the [PNP]- binuclear Cu(I) complex. (B) Comparison between the oxidized 

structures with [PNP]- and [PPP]- ligands. Note that the asterisks highlight the different N/P–

C bond distances. Blue and orange lines correspond to structures of [PNP]- and [PPP]- 

ligands, respectively. 
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differentiated from entatic contributions through a series of systematic comparisons. 

However, in order to make these comparisons we turn to 𝜆is, as the analysis requires the 

extraction of the Cu2X2 cores, prohibiting the evaluation using the 3MLCT state. For {PNP-

Cu(I)}2, the gas phase 𝜆i is 0.208 eV. Removing the Cu2N2 core with the ligating P atoms 

and capping with Hs gives the neutral Cu(I)2(NH2)2(PH3)4 analog. Optimizing the Hs and 

leaving the heavy atoms frozen provides a 𝜆i of 0.320 eV. Furthermore, a full optimization 

of the Cu(I)2(NH2)2(PH3)4 analog in both oxidized and reduced states provides a 𝜆i of 0.696 

eV. Lastly, 𝜆i for a Cu(I)Zn(II)(NH2)2(PH3)4 analog increases dramatically to 2.152 eV. This 
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increase from 0.696 to 2.152 eV reflects the two times increase in 𝜆i predicted from eq 2, 

as well as additional large structural distortions, including the rotation of the P–Cu–P plane 

into the CuZnN2 plane, upon localized oxidation. Using these values, 𝜆i of {PNP-Cu(I)}2 is 

reduced by 1.456 eV (~33.6 kcal/mol) going from a mononuclear to binuclear core. Also, 

between the frozen and optimized structures, 𝜆i is reduced by 0.376 eV (~8.7 kcal/mol); this 

difference corresponds to an estimate of the entatic contribution to the reduction in 𝜆i. 

Similarly, for {PPP-Cu(I)}2, removing the Cu2P2 core, optimizing the Hs, and leaving the 

heavy atoms frozen provides a 𝜆i of 0.519 eV. Carrying out a full optimization, 𝜆i increases 

to 0.673 eV. This provides an entatic contribution of ~3.5 kcal/mol. Interestingly, this value 

is ~5 kcal/mol smaller than that obtained for {PNP-Cu(I)}2. Furthermore, the relative 𝜆is for 

the fully optimized cores of {PNP-Cu(I)}2 and {PPP-Cu(I)}2 are 0.696 and 0.673 eV, 

respectively, indicating that very minimal (<1 kcal/mol) contributions to the reduction of 𝜆i 

derives from intrinsic bonding differences. Thus, the greater than one order of magnitude 

increase in 3MLCT excited state lifetime for {PNP-Cu(I)}2 relative to {PPP-Cu(I)}2 is almost 

entirely due to an entatic state. 

The nature of the relative entatic states present in {PNP-Cu(I)}2 and {PPP-Cu(I)}2 

complexes, which gives rise to their order of magnitude difference in lifetime, is likely due 

to the significant differences in the N/P–C bond distances (~1.40 and ~1.83 Å, respectively) 

in the ligands (see asterisks in Figure 2.13B). This change in bond distance gives rise to large 

changes in the flexibility of the Cu2X2 core upon redox. Relevant bond distances and angles 

for redox are given in Table 2.5. As can be seen from the last two columns, there are 

significant differences between the fully optimized and constrained cores between the [PNP]- 
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and [PPP]- ligands. For the [PNP]- ligand, large differences are observed, mainly 

associated with the Cu–Cu, Cu–N, and P–Cu–P angles. These structural changes between 

constrained and optimized structures are not observed for the [PPP]- ligand, which further 

supports the observation here that the greater than one order of magnitude increase in 3MLCT 

excited state lifetime for {PNP-Cu(I)}2 relative to {PPP-Cu(I)}2 is almost entirely due to an 

entatic state. This entatic state arises from subtle, yet important differences between the 

[PNP]- and [PPP]- ligands (Figure 2.13B). For {PNP-Cu(I)}2, this entatic energy is ~9 

kcal/mol. 

 

Table 2.5. Structural Comparisons between {PNP-Cu(I)}2 and {PPP-Cu(I)}2 Complexes in 

Both Oxidized and Reduced States. 

 

Bond/ 

Angled 

ox.a red.a Δa ox.b red.b Δb Δc 

(ox) 

Δc 

(red) 

PNP         

Cu–Cu 2.56 2.77 0.21 2.50 2.86 0.36 -0.06 0.09 

Cu–N 2.11 2.16 0.05 2.00 2.03 0.03 -0.11 -0.13 

Cu–P 2.27 2.23 -0.04 2.28 2.20 -0.09 0.01 -0.03 

P–Cu–P 134 137 3 111 106 -5 -23 -31 

         

PPP         

Cu–Cu 3.01 3.37 0.36 2.99 3.39 0.40 -0.02 0.02 

Cu–P 2.32 2.35 0.03 2.32 2.36 0.04 0.00 0.01 

Cu–P 2.29 2.26 -0.03 2.28 2.25 -0.03 -0.01 -0.01 

P–Cu–P 125 127 2 117 112 -5 -8 -15 
a Hydrogens optimized, heavy atoms frozen. 
b Full geometry optimization. 
c Difference between frozen and optimized structures. 
d Bond distances in Å and angles in °. 

 

 We make a final observation in the comparison between Figures 2.12A and 2.12B, 

which give correlations between ln(τ) and γi and the energy gap as calculated in Appendix A 

Figure A.1B. As discussed above, the phen-POP complexes are displaced from the 2,9-alkyl 
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complexes in Figure 2.12A. This is not the case, however, for Figure 2.12B. Additionally, 

the 2,9-aryl substituted bis-phen complexes (green circles) exhibit a different clustering in 

Figures 2.12A and 2.12B. While the entatic contributions across 2,9-alkyl Cu(I) 

photosensitizers are similar using data in either Figure 2.12A or 2.12B (Table 2.4), there are 

key geometric and electronic structural insights to be obtained via their direct comparison. 

Furthermore, from Appendix A Figure A.1B, the 3MLCT energy at the Franck-Condon point 

is the sum of γi and the energy gap. In an entatic state, the excited state potential energy 

surface shifts to higher relative energy and lower flattening angle (Figure 2.10). This 

simultaneously lowers γi and increases the energy gap. Cancellation of these effects would 

result in similar 3MLCT energies across a set of complexes. Indeed, the 3MLCT energies are 

similar for the 2,9-alkyl complexes (50.8 ± 1.4 kcal/mol); for example, bis-phen and bis-dtbp 

both have 3MLCT energies of ~50.7 kcal/mol. Similar tight groupings of 3MLCT energies 

are observed in other classes of complexes (e.g., 42.0 ± 1.6 and 57.1 ± 1.2 kcal/mol for the 

2,9-diphenyls and phen-POP complexes, respectively). Thus, the offsets of data points from 

the line formed by the 2,9-alkyl complexes reflect different 3MLCT energies between species 

and thus different ligand–metal bonding. For example, the phen-POP complexes exhibit 

different bonding due to substitution of Cu–N with more covalent Cu–P bonds (vide supra); 

furthermore, 2,9-aryl bis-phen complexes achieve lower γis due to flattening in the ground 

state from π-stacking. These geometric and electronic structural contributions to 3MLCT 

dynamics could not be determined from the correlation between ln(τ) and energy gap alone, 

and Figure 2.12A further allows for the disentanglement of steric and electronic contributions 

to photophysical processes. 
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2.4. Conclusion 

This study has developed a combined experimental and computational methodology to 

quantify entatic contributions to photophysical processes, with specific applications to a 

broad range of Cu-based photosensitizers and luminescent complexes. This methodology is 

based on the observation that experimental 3MLCT excited state lifetimes for a range of Cu(I) 

bis-phen complexes correlate with redox potentials, ground state inner sphere reorganization 

energies, and excited state relaxation energies and energy gaps over four orders in magnitude 

in time. These correlations provide a means to directly quantify entatic contributions to the 

3MLCT excited state lifetimes over an entire class of photoactive metal complexes. 

Furthermore, the correlations in Figure 2.6 and 2.12 provide a means to benchmark the 

potential performance characteristics of new complexes before embarking on their syntheses. 

Lastly, within Cu(I)-based photosensitizers, entatic states are found here to reach ~20 

kcal/mol relative to the conformationally flexible [Cu(phen)2]
+. Being the largest entatic 

states yet quantified, these energetics are significant relative to typical chemical driving 

forces and barriers, suggesting that entatic state descriptors will be valuable to extend to new 

classes of molecules and materials with interesting functional properties involving the 

coupling between electron and vibrational dynamics. Our laboratory is currently extending 

these analyses to quantifying entatic states in (photo)catalytic and (photo)magnetic materials. 
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Abstract 

Iron porphyrin carbenes (IPCs) are important reaction intermediates in engineered carbene 

transferase enzymes and homogeneous catalysis. However, discrepancies between theory 

and experiment complicate the understanding of the IPC electronic structure. In the literature, 

this has been framed as whether the ground state is an open- vs. closed-shell singlet (OSS vs. 

CSS). Here we investigate the structurally dependent ground and excited spin state energetics 

of a free carbene and its IPC analogs with variable trans axial ligands. In particular, for IPCs, 

multireference ab initio wave function methods are more consistent with experiment and 

predict a mixed singlet ground state that is dominated by the CSS (Fe(II)←{:C(X)Y}0) 

configuration (i.e., electrophilic carbene), but that also has a small, non-negligible 

contribution from an Fe(III)–{C(X)Y}–• configuration (hole in d(xz), i.e., radical carbene). 

In the multireference approach, the “OSS-like” excited states are metal-to-ligand charge 

transfer (MLCT) in nature and are energetically well above the CSS-dominated ground state. 

The first, lowest energy, of these “OSS-like” excited states is predicted to be heavily 

weighted towards the Fe(III)–{C(X)Y}–• (hole in d(yz)) configuration. As expected from 

exchange considerations, this state falls energetically above a triplet of the same 

configuration. Furthermore, potential energy surfaces (PESs) along the IPC Fe–C(carbene) 

bond elongation coordinate exhibit increasingly strong mixings between CSS/OSS 

characters, with the Fe(III)–{C(X)Y}–• configuration (hole in d(xz)) growing in weight in the 

ground state during bond elongation. The relative degree of electrophilic/radical carbene 

character along this structurally relevant PES can potentially play a role in reactivity and 

selectivity patterns in catalysis. Future studies on IPC reaction coordinates should evaluate 

contributions from ground and excited state multireference character. 
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3.1. Introduction 

 Iron porphyrin carbenes (IPCs) carry out a variety of important chemistries, including 

B–H,1,2 C–H,3 N–H,4,5 O–H,6 Si–H,7,8 and S–H9,10 insertion, as well as cyclopropanation,11–

15 cyclopropenation,16 and carbonyl olefination.17 This diverse reactivity has spurred interest 

in defining the electronic structures of IPCs. Relevant electronic structure descriptions 

include: Fe(IV)={C(X)Y}2-, Fe(II)←{:C(X)Y}, or Fe(III)–{C(X)Y}–•, with X and Y 

corresponding to different chemical groups. For Fe(III), the metal- and carbene-based 

electron spins can couple ferro- or anti-ferromagnetically to give the total spin states ST = 1 

or 0, respectively. The Fe(II)←{:C(X)Y} form is a closed shell singlet (CSS), differentiated 

from the antiferromagnetically coupled Fe(III)–{C(X)Y}–• open shell singlet (OSS). 

Experimental data, including nuclear magnetic resonance (NMR),18,19 electron paramagnetic 

resonance (EPR),8 Mössbauer,8,19,20 and X-ray absorption spectroscopy (XAS),20 have 

largely been interpreted as reflecting the CSS Fe(II) state. However, studies utilizing density 

functional theory (DFT) have suggested the potential importance of an OSS state.8,21,22 Given 

the broad array of chemistries that can be accomplished by IPCs, it is important to more 

clearly align theory and experiment in order to understand their reactivity patterns and 

ultimately define their mechanisms to tune and/or enhance catalytic capabilities. 

Here we study the structurally dependent energetics of the ground and excited state 

electronic structures of a free carbene and its IPC analogs with several different axial ligands. 

Multireference ab initio methods provide a singlet ground state dominated by a CSS 

configuration, more consistent with experimental observations. “OSS-like” excited states, 

dominated by Fe(III)–{C(X)Y}–• configurations, are predicted to be a metal-to-ligand charge 

transfer (MLCT) excited states energetically well isolated from the ground state. 
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Furthermore, the contributions of CSS/OSS character in the ground state evolve along the 

Fe–C(carbene) coordinate, which is important for evaluating the transition metal carbene 

catalysis. 

 

3.2. Computational Methods 

 All calculations were performed using ORCA23,24 versions 4.0.1.2, 4.1.2, 4.2.0, and 

4.2.1.  

 

3.2.1. Scans of the Free Carbene Dihedral Angle 

 Initially, geometry optimizations constraining the dihedral angle shown in Figure 3.1 

were performed using the BP8625–27 or B3LYP26,28 functionals. The 6-311G(d)29 basis set 

was used on all atoms. AutoAux30 was used as an auxiliary basis, so the resolution of 

identities31–35 (RI) approximations could be applied. In the BP86 case, Split-RI-J was used; 

in the B3LYP case, RIJCOSX needed to be used. Fine DFT grids were used (GRID7 

NOFINALGRID for BP86, GRID7 NOFINALGRID GRIDX9 for B3LYP). The 

unrestricted Kohn-Sham formalism (UKS) was used to find the closed-shell singlet, triplet, 

and broken-symmetry singlet (BSS) states. The former was verified to be the spin-restricted 

solution by checking that the <S2> value equaled exactly zero and through orbital inspection. 

Using the triplet geometry and wavefunction, constrained optimizations were used to find 

the BSS. Tight SCF convergence criteria, which has a convergence tolerance of 10-8 Hartrees, 

was applied for all calculations. Using the same settings, restricted TDDFT calculations with 

5 roots were performed on the spin-restricted solution geometries. Yamaguchi’s correction 

was also applied to the DFT BSS energy.36 
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                                         𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛼𝐸𝐵𝑆𝑆−𝑔𝑒𝑜𝑚.
1 − 𝛽𝐸𝐵𝑆𝑆−𝑔𝑒𝑜𝑚.

3                       (eq 3.1) 

𝛼 = 𝛽 + 1 

𝛽 =
〈�̂�2〉𝐵𝑆𝑆

〈�̂�2〉𝑡𝑟𝑖𝑝𝑙𝑒𝑡,𝐵𝑆𝑆−𝑔𝑒𝑜𝑚. − 〈�̂�2〉𝐵𝑆𝑆
 

 

Quasi-degenerate N-electron valence second-order perturbation theory (QD-

NEVPT2)37 single point calculations using a 2-in-2 active space were performed (active 

space orbitals for select angles in Figures B.4-B.6) on the free carbene. Using the B3LYP 

triplet geometries, the triplet manifold was evaluated using a state-specific calculation. Using 

the B3LYP BSS geometries, two singlet roots were used in a state-averaged calculation 

(occupancies in Table B.1; CI-Vectors in Tables B.2-3). For DFT calculations, the 6-311G(d) 

basis was used on all atoms. Tight SCF convergence criteria with an energy tolerance of 10-

7 Hartrees was applied for all these calculations. While QD-NEVPT2 was used throughout 

this study, it was found to give identical results to regular NEVPT238–42 calculations (Tables 

B47). In the same manner, fully internally contracted multireference configuration 

interaction (FIC-MRCI)43 calculations were performed by reading in the QD-NEVPT2 

wavefunctions (.gbw file). Multi-reference coupled cluster with single and double excitations 

(MR-CCSD) and with the domain-based local pair natural orbital (DLPNO)44 approximation 

(denoted in the work as DLPNO-MR-CCSD) were performed using cc-pVTZ45 and cc-

pV6z/c46 and a 2-in-2 active space (see Figure 3.1) with very tight convergence criteria. Here 

state-specific calculations needed to be used for all three states and the BSS B3LYP geometry 

was used. 
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3.2.2. Scans of the Dihedral Angle in IPC Models and Additional Single Point 

Calculations 

 Geometry optimizations constraining the dihedral angle in Figure 3.1 were performed 

in much the same way for the IPC model complexes as for the free carbene. However, for 

the IPC model complexes, a split basis was used. 6-311G(d) was on the iron, the ligating 

nitrogen atoms, and all the atoms in the carbene molecule; 6-31G(d)47 was used on all the 

other atoms. The restricted Kohn-Sham formalism (RKS) was used to find the spin-restricted 

solution. In addition to BP86 and B3LYP, TPSSh48–50 was also used for the scans. DFT grids 

sufficiently fine for accurate energies and geometries were used (GRID7 NOFINALGRID 

for BP86, GRID4 NOFINALGRID GRIDX5 for TPSSh and B3LYP). All other aspects of 

the DFT calculations were the same as for the free carbene case. 

Using the B3LYP RKS geometries, QD-NEVPT2 calculations using a 12-in-12 

active space were performed. Two singlet roots, five triplet roots, and one quintet root were 

used in the state-averaged calculations. For the case of the hydroxide ligated IPC, a two 

singlets and five triplets state-averaged calculation was also done (energetic comparison in 

Figure B.2; comparison of configuration weights in Tables B.36-B.37). This was done 

because the case with the quintet occasionally converged to an excited quintet. The 6-

311G(d) basis was again used. Again, tight SCF convergence criteria with an energy 

tolerance of 10-7 Hartrees was applied for all these calculations. The RIJCOSX 

approximation was used. The Bloch formalism was used throughout this study. The active 

spaces and occupancies are provided in Appendix B; the CI-vectors and useful Löwdin 

orbital analyses are provided in Tables B.17-B.43. 
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For [Fe(TPP)CCl2], the same procedures were used as for the above; however, 

single point calculations on the crystal structure20 were performed (energetics and CI-Vectors 

tabulated in Tables B.10-14). QD-NEVPT2 calculations were also performed on the BSS 

structure from Sharon et al.21 (Tables B.4-S6) and on an “Hs only” optimized crystal structure 

of an IPC intermediate in an engineered cytochrome c protein (PDB ID code: 6CUN; tables 

B.7-B.9).8 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Free carbene Cσ and Cπ orbitals from multireference calculations for (A) 0° and 

(B) 90° conformations and (C) the Cσ and Cπ* orbitals for the IPC. The dihedral angle of 

interest is numbered in panel A. 

 

3.2.3. Scans of the Fe-C Bond Length in IPCs 

 Using B3LYP and the same methodology of constrained optimizations as described 

in Section B.A.2., a relaxed scan of the Fe-C bond length in the IPC model RKS geometries 

was performed with the B3LYP 90° geometry as the starting point. Using these geometries, 

B3LYP single point calculations (Figure B.8) and QD-NEVPT2 single point calculations 
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using the same methodology as described above were performed. CI-Vectors are presented 

in Tables B.44-B.46.  

 

3.3. Results and Discussion 

 In the following, electronic structure calculations are first carried out on a free 

carbene to establish differences between DFT and multireference descriptions (Section 

3.3.1). These calculations are then extended to a variety of IPC analogs with the same carbene 

ligand but with variable trans-axial ligation (e.g., N-methylimidazole (N-MeImid), thiolate, 

or hydroxide, Section 3.3.2). Additional comparisons are made to IPC analogs where 

spectroscopic and X-ray crystallographic data exist (see Subsections of Section 3.3.2). 

Finally, in Section 3.3.3, the multireference approach is used to investigate the IPC Fe–C 

bond PESs for the trans-axial ligands considered in Section 3.3.2, which allows for the 

evaluation of catalytically relevant structural contributions to the frontier molecular orbitals 

(FMOs) of the ground and excited state electronic structures of IPCs. 

 

3.3.1. Free Carbene: DFT/Multireference Comparison  

3.3.1.1 DFT Calculations of Ground and Excited States  

 The Cσ- and C𝜋-type FMOs of the free- and IPC-carbene, which are critical for 

understanding their respective electronic structures, are shown in Figure 3.1. Note, given the 

antibonding character of the 𝜋-type molecular orbital for the IPC, it is referred to throughout 

as C𝜋*. For methylene, the following electronic configurations and states have been 

previously discussed: (Cσ)2(C𝜋)0 (1A1), (Cσ)1(C𝜋)1 (1,3B1), and (Cσ)0(C𝜋)2 (1A1).
51,52 Here, 
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for ethyl 2-diazopropanate (Me-EDA), we have investigated the relative energetics of the 

spin-restricted singlet, (Cσ)2(C𝜋)0, the triplet, (Cσ)1(C𝜋)1, and the BSS as a function of the 

O–C–C–C dihedral angle given in Figure 3.1. Note that this dihedral was recently discussed 

in the context of potentially important secondary coordination sphere contributions in a 

carbene transferase enzyme.8 Further note, as discussed by Cremer,53 the DFT-based BSS of 

methylene is considered an alternative description of the carbene spin-restricted singlet. It 

does not, in this case, correspond to the formal 1B1 state arising from the (Cσ)1(C𝜋)1 

electronic configuration (vide infra). 

 The DFT (BP86/B3LYP) relaxed PESs from 0–180° along the O–C–C–C dihedral 

coordinate are given in Figure 3.2A (the 360° angular dependence is a mirror image about 

180° (Figure B.1), and thus only the 0–180° scans are considered). Both functionals provide 

fairly similar descriptions despite the 20% difference in exact exchange. At 0° and 180°, the 

ground state is predicted to be a triplet (e.g., (Cσ)1(C𝜋)1, 3B1 of methylene; blue markers in 

Figure 3.2A, orbitals in Figure B.4). The spin-restricted singlet (red markers in Figure 3.2A, 

orbitals in Figure B.5) and BSS (green markers in Figure 3.2A, orbitals in Figure B.6A/B) 

are excited states ~10–20 kcal mol-1 above the ground state. Upon rotating to 90°, both the 

spin-restricted and BSSs provide similar overall descriptions and thus have similar electronic 

energies (i.e., the BSS state collapses to a restricted-singlet-like description between ~50°–

150° in Figure 3.2A). Furthermore, as described in the Computational Methods, upon 

applying the approximate spin-correction procedure of Yamaguchi,36 the energies of the BSS 

calculations outside this angular region become similar to those obtained directly from the 

restricted-singlet state solution (orange vs. red markers in Figure 3.2A). Also, the canonical 
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molecular orbitals obtained from the BSS do evolve along the O–C–C–C dihedral 

coordinate (Figure B.6A). The relevant BSS natural orbital occupancies (Figure B.6B) are 

consistent with the Yamaguchi correction in that, at 90°, the BSS approaches the spin 

restricted solution and there is more mixing at angles deviating from 90°. 

In order to obtain an approximate PES of the 1B1 excited state, time-dependent DFT 

(TDDFT) calculations were performed along the spin-restricted singlet surface using both 

BP86 and B3LYP functionals (purple markers in Figure 3.2A). The lowest energy excitation 

along the PES indeed represents a Cσ → C𝜋 transition, which provides a formal singlet 

(Cσ)1(C𝜋)1 electronic configuration. For the most part, the energy of this singlet excited state 

mirrors that of the triplet. However, there is a noticeable dip in the TDDFT excited state 

energies around ~50°. This excited state PES is also a mirror image about 180° (Figure B.1). 

As discussed below for multireference methods, the energy difference between the singlet 

TDDFT excited state (which approximates the 1B1 state of methylene) and the lower energy 

triplet (3B1 of methylene) is 2K𝜎𝜋, where K𝜎𝜋 is the exchange integral in electron-electron 

repulsion.54 These results are now compared to multireference approaches. 

 

3.3.1.2. Multireference Calculations of Ground and Excited States  

 PESs along the free carbene dihedral distortion for three multireference ab initio 

methods as implemented in ORCA23,24 (DLPNO-MR-CCSD, FIC-MRCI, and QD-

NEVPT2; acronyms and other computational details provided in the Computational 

Methods) are presented in Figure 3.2B. In each case, an active space with two electrons and 

the Cσ- and C𝜋-type orbitals was used (2-in-2 active space; orbitals in Figure 3.1). Similarly 
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to DFT, the triplet ((Cσ)1(C𝜋)1, blue markers in Figure 3.2B, orbitals in Figure B.4) is the 

ground state at 0°/180°. However, at 90°, the lowest energy singlet (red markers in Figure 

3.2B, orbitals in Figure B.5) is similar in energy to the triplet. The QD-NEVPT2 CI vectors 

of the lowest energy singlet (Table B.2) and the first excited singlet state (green markers in 

Figure 3.2B, Table B.3, orbitals in Figure B.6A/B) indicates ~89-97 % (Cσ)2(C𝜋)0 and >99 

% (Cσ)1(C𝜋)1 contributions, respectively. From this, the first excited singlet is therefore 

similar to the 1B1 state of methylene. The ground state singlet is observed to have some 

character from the (Cσ)0(C𝜋)2 configuration, especially approaching 0 and 180°, and a near 

negligible amount from the (Cσ)1(C𝜋)1 configuration. The energy difference between the 

first excited singlet and the lower energy triplet states is thus 2K𝜎𝜋. Ranging from ~29 kcal 

mol-1 (~1.26 eV) at 10° to ~41 kcal mol-1 (~1.78 eV) at 100°, these energies can be smaller 

or larger than the energy splitting between the 3P and 1D states of free carbon (1.3 eV),55 

depending on the O–C–C–C dihedral angle. Thus, overall, the ground and excited state 

electronic structures and corresponding PESs obtained using DFT/TDDFT and 

multireference methods are qualitatively similar and both provide a means to analyze and 

quantify ground and excited states in the free carbene. As shown below, however, this is not 

the case for IPCs. 
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Figure 3.2. Ground and excited state PESs along the free carbene dihedral coordinate from 

Figure 3.1 using (A) DFT/TDDFT or (B) multireference ab initio methods. Acronyms for 

(B) are given in Section 3.2. 
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3.3.2. Iron Porphyrin Carbene: DFT/Multireference Comparison  

3.3.2.1. DFT Calculations and Axial Ligand Dependence of Ground and Excited States  

 The ground and excited spin state energetic comparisons were extended to the IPC 

analogs. Both DFT (Figure B.3 and B.7) and QD-NEVPT2 (Figure 3.3) were used to 

investigate the energetic dependencies on the dihedral angle. Several axial ligands were 

studied: N-MeImid, methyl thiolate, and hydroxide. DFT relaxed PESs are consistent with 

existing literature in that the spin-restricted and BSS states are either close in energy or the 

BSS state is lowest (Figure B.3 and B.7, BSS spin densities given in Table B.48).8,21,22 For 

all ligands, the amount of exact exchange has significant effects on the relative energies of 

the lowest triplet, spin-restricted CSS, and BSS. Note that the triplet from DFT captured here 

is an Fe(III) d(yz)-based hole ferromagnetically coupled to a carbene anion radical (spin 

densities in Table B.48). Several other triplet states are captured using the multireference 

description described below. Increasing exact exchange from 0 to 20 % stabilizes the triplet 

relative to the BSS and spin-restricted CSS states, as expected. While the energies of the 

latter are virtually identical with BP86, the BSS is stabilized relative to the spin-restricted 

CSS state with increasing amounts of exact exchange. Also, going from N-MeImid to thiolate 

to hydroxide, the triplet and the BSS states are stabilized in energy relative to the spin-

restricted CSS. This is consistent with the increased stabilization of the formal Fe(III) redox 

level for these states. Thus, for all levels of theory and different axial ligands, DFT provides 

a BSS ground state description, and the energy of the BSS state is stabilized further relative 

to the spin-restricted CSS with anionic ligands and larger amounts of exact exchange. 

The BSS results also clearly capture significant Fe(III) d(xz)-based hole character 

(Table B.48). Likewise, the 0.78 – 0.55 overlaps from corresponding orbital analyses56 



 

 

77 

indicate spin-coupled pairs. However, these spin-coupled pairs appear on (d(xz))1(C𝜋)1 

bonding corresponding orbitals, with the difference between the two orbitals within each pair 

being whether the density is mostly on the metal or the carbene. Visually inspecting the 

corresponding orbitals (Figure B.9), they look qualitatively similar to the d(xz) natural orbital 

in the QD-NEVPT2 active space (vide infra), which experiences some bonding character 

with the carbene center (Löwdin population analyses in Tables B.17, B.26, and B.35). 

 

3.3.2.1.1. Additional Comparisons to Experiment  

 XAS and Mössbauer spectroscopies on IPC model complexes have been interpreted 

as reflecting an Fe(II) CSS ground state.20 DFT calculations were also performed on the 

synthetic complex [Fe(TPP)CCl2] (tpp = tetraphenylporphyrin). Similarly to other IPC 

complexes, the CSS and BSS states are nearly degenerate using the BP86, TPSSh, or B3LYP 

functionals (Table B.10). The triplet is ~30 kcal mol-1 higher in energy and is also stabilized 

with increasing exact exchange. Thus, while the IPC analogs have low-lying CSS states, the 

presence of the BSS (and its Fe(III)-based dominant description) ground state seems 

inconsistent with the available experimental data. These inconsistencies can be further 

evaluated using multireference ab initio approaches. 

 

3.3.2.2. Multireference Calculations and Axial Ligand Dependence of Ground and Excited 

States  

 The QD-NEVPT2 calculated PESs are given in Figures 3.3A-C for N-MeImid, 

thiolate, or hydroxide axial ligands, respectively. Note that the N-MeImid and thiolate 
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calculations were carried out using two singlets, five triplets, and one quintet. For clarity, 

only the two singlets and four lowest energy triplets are shown here. All states are given in 

Figure B.2. For the hydroxide axial ligand, the data given in Figure 3.3C were obtained using 

two singlets and five triplets. For the hydroxide, the converged energy of the quintet state 

was quite sporadic (Figure B.2). Nonetheless, the PESs of the relevant singlet and triplet 

states considered here are virtually identical with and without this quintet (Figure B.2).  

The ground state is a singlet for all angles and axial ligands (red markers and numbers 

in Figure 3.3, top, bottom, respectively). A global energy minimum exists at ~90°, although 

the energy profile is shallow. As with the free carbene, the 360° angular dependence of the 

IPC energetics are a mirror image about 180° (Figure B.2). For N-MeImid, the ground state, 

as described by the QD-NEVPT2 CI vector over the PES, is not particularly sensitive to 

dihedral angle and is consistently ~60 % CSS, with ~16 % and ~6 % contributions from the 

OSS, (d(xz))1(C𝜋*)1, and the (d(xz))0(C𝜋*)2 Fe(IV)-based configurations (Table B.18). 

Similarly, for the thiolate, the ground state singlet over the PES is comprised of ~57 % CSS, 

~19 % OSS, and ~7 % Fe(IV)-based configurations, and is not particularly sensitive to 

dihedral angle (Table B.27). Similarly for the hydroxide ligand, the ground state singlet over 

the PES is comprised of ~61 % CSS, ~13 % OSS, and ~10 % Fe(IV)-based configurations, 

and is not particularly sensitive to dihedral angle (Table B.36). 
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Figure 3.3. IPC PESs and Active Space. (Top) Ground and excited state PESs along the 

dihedral coordinate calculated with quasi-degenerate N-electron valence second order 

perturbation theory (QD-NEVPT2) for (A) N-MeImid, (B) thiolate, and (C) hydroxide axial 

ligands. (Bottom) The 12 orbital active space for the N-MeImid IPC. Formal orbital 

occupation numbers are provided. The color of the number corresponds to the state given in 

the top panel. Note that the first two triplets for the IPC (blue and yellow markers) are metal-

based spin-forbidden ligand field transitions (i.e., no carbene radical and more CSS-like), 

while triplets three and four involve the occupation of the C𝜋* orbital, with triplet three 

arising from the d(yz) → C𝜋* transition (and always below the singlet of the same 

configuration) and triplet four arising from the d(xz)/C𝜋 → C𝜋* transition. 

 

While the triplet considered in the DFT description corresponded to the 

(d(yz))1(C𝜋*)1 electronic configuration, there are additional ones to consider using the 

multireference approach. More specifically, there are two metal-based spin-forbidden ligand 

field excited states arising from transitions between the filled Fe d(xy)/d(yz) and unoccupied 

d(x2-y2) orbitals (Figure 3.3, bottom), which is reflected by their formal occupation numbers 

given in Figure 3.3, bottom (blue and yellow numbers) (CI vectors given in Tables B.19 and 
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B.20, respectively for N-MeImid). At ~90°, both (d(yz))1(C𝜋*)1 and (d(xz))1(C𝜋*)1-based 

triplets are located higher in energy than the ligand-field based (d(xy))1(d(x2-y2))1 and 

(d(yz))1(d(x2-y2))1 triplets (orange and purple markers in Figure 3.3, top, CI vectors given in 

Tables B.21 and B.24, respectively for N-MeImid), with the (d(yz))1(C𝜋*)1-based triplet 

being lower than the (d(xz))1(C𝜋*)1-based triplet. The lowest energy singlet excited state 

(green markers in Figure 3.3, CI vector in Table B.22 for N-MeImid) is located between these 

two triplets. Importantly, this singlet falls above the triplet of the same configuration, as one 

might expect from exchange considerations (triplet 3 relative to singlet 2 in Figure 3.3). For 

N-MeImid, this state is ~66 – 71 % (d(yz))1(C𝜋*)1 over the entire PES (Table B.22). 

Interestingly, for N-MeImid at 90°, the “OSS-like” singlet dominated by (d(xz))1(C𝜋*)1, is 

not observed here, even when increasing the number of singlet states in the QD-NEVPT2 

calculation to 30, which represents the highest number of states we can accommodate with 

current computational power. Note that the highest energy singlet in the QD-NEVPT2 

calculation with 30 singlets is at ~41 000 cm-1 (~115 kcal mol-1). Thus, while we cannot rule 

out the (d(xz))1(C𝜋*)1-based singlet at higher energies, this importantly demonstrates that 

“OSS-like” excited states represent MLCT transitions at energies significantly higher than 

the predominantly CSS ground state. 

 

3.3.2.2.1. Comparisons to Additional Iron Porphyrin Carbene Structures  

 We have further considered two additional IPC structures using the QD-NEVPT2 

approach, including the IPC structure from Sharon et al.,21 as well as the X-ray 

crystallographic structure of the IPC active site reported by Lewis et al.8 Note that for the X-
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ray structure, all heavy atoms were frozen, while the hydrogen atoms were optimized (H-

optimized structure). Using the BSS structure from Sharon et al., which features a thiolate 

axial ligand and a truncated carbene (CH3 replaced with H), the QD-NEVPT2 ground state 

is also a singlet (Table B.4) with dominantly CSS character (~45 %), with ~29 % and ~8 % 

contributions from the OSS and Fe(IV)-based configurations, respectively (Table B.5). The 

excited state manifold is also similar to the other IPC structures considered here in that the 

first excited singlet is dominated by a (d(yz))1(C𝜋*)1 configuration and energetically above 

a triplet dominated by the same configuration (Table B.6). Furthermore, using the H-

optimized IPC active site structure, which is comparable to the N-MeImid structure 

considered here, the ground state is also a singlet and with dominantly CSS character (~46 

%), with ~28 % and ~5 % contributions from the OSS and Fe(IV)-based configurations, 

respectively. Again, the first excited singlet is dominated by a (d(yz))1(C𝜋*)1 configuration 

and energetically above a triplet dominated by the same configuration (Tables B.7 and B.9). 

As shown in the following Section, the relative amounts of CSS and OSS characters are quite 

sensitive to the Fe–C(carbene) bond distance. Thus, the decreased CSS character and 

increased OSS character (by ~10 %) for the structures from Sharon et al.21 and Lewis et al.8 

relative to the structures considered above is likely related to slightly longer Fe–C(carbene) 

bond distances in the former (by 0.1 Å). 

In summary, ab initio methods suggest that the IPC ground state has a significant 

degree of multireference character and is dominated by the CSS description, with smaller 

contributions from OSS- and Fe(IV)-based configurations. This is the case for all three axial 

ligands studied here, as well as the IPC from an enzyme active site characterized by X-ray 
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crystallography.8 Furthermore, the shallowness of the singlet ground state PESs in Figure 

3.3 suggests a high degree of carbene conformational flexibility about the O–C–C–C dihedral 

coordinate, including two minima over the entire PESs (Figure B.2). This preference for the 

rotated conformation of the IPC is consistent with the ~266° angle found in the active site of 

the carbene transferase enzyme.8 However, it is especially interesting to note that, while 

similar energies are observed here for the ~90° and ~270° IPC structures in the absence of 

additional interactions (Figure B.2), only the latter conformation is observed in the protein 

structure, which suggests that second sphere interactions play an important role in stabilizing 

one or the other conformation, as discussed by Lewis et al.8 Overall, the predominant CSS 

contribution to the ground state, as described by multireference ab initio methods, is more 

consistent with experimental data.8,18–20 Lastly, singlet “OSS-like” configurations are thus 

formal 1MLCT excited states energetically well above the dominantly CSS ground state. 

Future optical and X-ray spectroscopic studies directed at characterizing the excited state 

ligand field and MLCT manifolds will be insightful. 

 

3.3.3. Iron Porphyrin Carbene (Fe–C) Potential Energy Surfaces 

 While the ground states of IPCs are predominantly CSSs in the multireference 

description, the OSS may become important if structural distortions favoring the OSS occur 

along reaction coordinates. Indeed, the spin state energetics and ground state characters 

evolve significantly with Fe–C(carbene) bond elongation (Figure 3.4), an important 

coordinate to consider for reactivity. Only QD-NEVPT2 PESs are considered here, and the 

DFT results are given in Figure B.8. While the ground states at the Fe–C(carbene) 

equilibrium geometries in the QD-NEVPT2 calculated Fe–C PESs are predominantly CSS 
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for all axial ligands, the energy of the (d(yz))1(Cπ*)1 OSS approaches the ground CSS state 

as the Fe–C(carbene) bond is elongated (compare red and green markers in Figures 3.4A-C). 

Furthermore, from analyses of the multireference ground state wave function (i.e., the CI 

vector), the amount of CSS character (red markers in Figures 3.4D-F), which is dominant at 

the Fe–C(carbene) equilibrium distance, decreases significantly upon elongation of the Fe–

C bond. This decrease occurs with an increase in the (d(xz))1(Cπ*)1 OSS contribution to the 

ground state (Table B.44-46 and green markers in Figures 3.4D-F). For all structures, the 

(d(xz))1(Cπ*)1 OSS character exceeds that of the CSS character at an Fe–C distance of ~2.1 

Å. Overall, these bond distances are quite similar to those of relevant transition states.8,21 

These results suggest that the OSS/CSS state mixing will be important to consider for 

understanding axial ligand dependent IPC reaction coordinates, which can translate to 

variations in selectivity and efficiency.8 For instance, CI-vector analyses of ground state 

wave functions and related energies will be important for accurately and precisely describing 

reaction mechanisms. 
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Figure 3.4. QD-NEVPT2 PESs along the Fe–C(carbene) coordinate (top) and associated CI-

vectors of the ground state (bottom): (A, D) N-MeImid, (B, E) thiolate, and (C, F) hydroxide. 

Red, CSS; green, OSS; and blue, the first triplet state (top) or the Fe(IV)={C(X)Y}2- singlet 

(bottom). Note the Fe–C(carbene) PES only extends to 2.3 Å for the hydroxide axial ligand, 

as CASSCF convergence becomes an issue beyond these bond distances, likely due to the 

significantly more shallow energy profile relative to the N-MeImid and thiolate axial ligands. 

 

3.4. Summary and Conclusions  

 We have shown that multireference methods provide a predominantly CSS ground 

state for all IPC conformations and axial ligands investigated here. This ground state 

description is in agreement with available experimental data.8,18–20 In contrast, DFT 

consistently provides a BSS ground state, demonstrating OSS character, for all IPCs studied 

here. In the multireference calculations, the IPC CSS ground state has a small, but non-

negligible amount of (d(xz))1(Cπ*)1 OSS character. “OSS-like” excited states are predicted 

to correspond to high energy MLCT states (i.e., radical carbene) that are somewhat sensitive 
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to the nature of the axial ligand. The lowest energy of these MLCT states is dominated by 

the (d(yz))1(Cπ*)1 configuration and lies energetically above a triplet of the same 

configuration. Importantly, the IPC CSS ground state corresponds to an electrophilic 

carbene, which may tend to react as a Fischer-type species. Furthermore, an interesting 

comparison can be drawn between the findings presented here and those of related Co(II) 

complexes.57–63 One electron reduction of the largely CSS Fe(II)–carbene bond would result 

in formal electron occupation of the Cπ* FMO (Figure 3.3, bottom) and a low-spin d6 Fe(II) 

carbene anion radical. Notably, this FMO is largely ligand-based, with a Löwdin population 

ranging from ~62 – 69 % carbene character and ~19 – 21 % Fe character over the N-MeImid 

IPC dihedral angle (Table B.17). Thus, this electron configuration would be isoelectronic to 

the Co carbenes, which have been described as low-spin d6 Co(III) carbene anion radicals.57–

63 

In addition to IPCs, their nitrene analogs have recently been described as having OSS 

ground states using DFT and CASSCF, with a calculated reaction coordinate for C–H 

amination described as H-atom abstraction followed by radical rebound.64 Notably, here the 

addition of dynamical correlation in the QD-NEVPT2 approach is largely important for 

obtaining IPC CSS ground states (one exception being the X-ray crystallographic structure 

discussed in Section 3.3.2.2.2, which also has a CSS ground state with CASSCF). Thus, 

results presented here will likely be of general importance for the study of the ground and 

excited state electronic structures of other metal carbene/nitrene species. 

Of final note, while the IPC ground state is dominated by the CSS configuration (i.e., 

electrophilic carbene), the (d(xz))1(Cπ*)1 OSS character (i.e., radical carbene) of the ground 

state of all IPCs investigated in this study increases significantly upon elongating the Fe–
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C(carbene) bond. These changes in CSS/OSS characters emulate those that could occur 

along a reaction coordinate and increase the radical character of the carbene, which may play 

a significant role in the reactivity and selectivity patterns of IPCs. Thus, future studies on 

reaction coordinates and the ground and excited state electronic structures of IPCs and their 

analogs should evaluate potential multireference contributions to better understand catalytic 

properties. 
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Abstract 

Multireference electronic structure calculations consistent with known experimental data 

have elucidated a novel mechanism for photo-triggered Ni(II)–C homolytic bond 

dissociation in Ni 2,2’-bipyridine (bpy) photoredox catalysts. Previously, a thermally 

assisted dissociation from the lowest energy triplet ligand field excited state was proposed 

and supported by density functional theory (DFT) calculations that reveal a barrier of ~30 

kcal mol-1. In contrast, multireference ab initio calculations suggest this process is 

disfavored, with barrier heights of ~70 kcal mol-1, and highlight important ligand 

noninnocent and multiconfigurational contributions to excited state relaxation and bond 

dissociation processes that are not captured with DFT. In the multireference description, 

photo-triggered Ni(II)–C homolytic bond dissociation occurs via initial population of a 

singlet Ni(II)-to-bpy metal-to-ligand charge transfer (1MLCT) excited state followed by 

intersystem crossing and aryl-to-Ni(III) charge transfer, overall a formal two-electron 

transfer process driven by a single photon. This results in repulsive triplet excited states from 

which spontaneous homolytic bond dissociation can occur, effectively competing with 

relaxation to the lowest energy, nondissociative triplet Ni(II) ligand field excited state. These 

findings guide important electronic structure considerations for the experimental and 

computational elucidation of the mechanisms of ground and excited state cross-coupling 

catalysis mediated by Ni heteroaromatic complexes. 
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4.1. Introduction 

 Merging thermal catalysis with photochemistry (i.e., photoredox catalysis) has 

provided new, more sustainable routes to bond activations and coupling reactions in organic 

synthesis.1–10 An extension of solar energy conversion, photoredox catalysis utilizes 

photosensitizers to harvest photon energy and transform it into chemical potential to drive 

single electron transfer (SET) processes to generate reactive high- and/or low-valent species 

and important organic radicals. However, photoredox reactions feature complex mechanisms 

that are challenging to elucidate, and our understanding of how photon energy drives organic 

transformations is therefore still growing. 

Beyond SET, photosensitized energy transfer can form photocatalyst excited states 

that can be uniquely reactive relative to ground states.11–16 The photocatalyst can also 

potentially act as both the light-absorbing and catalytic unit through direct excitation.17,18 In 

direct excitation and energy transfer mediated catalysis, the ultrafast photophysical processes 

of transition metal excited state relaxation can also contribute to reactivity.9 Notably, Ni(II) 

complexes of 2,2’-bipyridine (bpy) exhibit photocatalytic activity for coupling reactions 

using either energy transfer11,19 or direct excitation.20 Several mechanistic hypotheses have 

been discussed and are summarized in Figure 4.1. In one scenario, energy transfer to a Ni(II)-

bpy aryl acetate complex induces reductive elimination from a triplet excited state of Ni(II) 

(Figure 4.1A, bottom), originally proposed to be ligand field in nature.11 Ni(II)-to-bpy metal-

to-ligand charge transfer (MLCT) excited states have also been suggested to: (1) mediate 

bimolecular electron transfer to generate Ni(I) and Ni(III) species for catalysis,17 or (2) 

directly mediate reductive elimination.21 The latter consideration encompasses the one-
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electron oxidatively induced ground state formal Ni(III) reactivity discovered by Hillhouse 

and co-workers.22,23 

Thermally assisted homolytic Ni(II)–C bond dissociation from photochemically 

formed triplet ligand field excited states in Ni(II)-bpy aryl halide complexes has also been 

proposed.18 This process results in the formation of formal Ni(I) and aryl radicals (Figure 

4.1A, top). While it is unclear whether these species initiate a subsequent Ni(I)/Ni(III) 

catalytic cycle, this represents an intriguing means to photochemically generate reduced Ni 

species and organic radicals for ground state thermal catalysis.18,20 Overall, more detailed 

experimental and theoretical descriptions of the ground state bonding and excited state 

relaxation processes in Ni-bpy complexes (and other Ni heteroaromatic complexes24) are 

critical for developing synthetic applications. 
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Figure 4.1. Proposed Mechanisms. (A) Two previous mechanistic hypotheses related to Ni-

bpy photoredox catalysis and (B) findings in this study. Complex 1 = Ni(II)(t-Bubpy)(o-

tolyl)Cl; Complex 2 = Ni(II)(bpy)(ph)(ac) (ph = phenyl, ac = acetate). 

 

Here we describe a new electronic structural framework to interpret experimental 

data on Ni(II)-bpy complexes of relevance to photoredox catalysis. Of particular importance 

is the multireference description (relative to density functional theory (DFT)), which 

manifests in multiconfigurational ground and excited state wave functions and potential 

energy surfaces (PESs) in Ni(II)–C homolytic bond dissociation. Intractable barriers are 

found for thermal bond dissociation from the lowest energy triplet ligand field excited state 
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within the multireference framework. However, higher energy repulsive triplet excited 

states are found here and are proposed to be responsible for homolytic bond dissociation. 

These triplet excited states feature a high-spin Ni(II) coupled to anionic bpy and neutral aryl 

radicals and can be generated from initial 1MLCT excitation (Ni(II)-to-bpy) followed by 

intersystem crossing and intramolecular charge transfer (aryl-to-Ni(III)) (Figure 4.1B). 

 

4.2. Computational Methods 

 Calculations were performed using ORCA25,26 version 4.2.1. The BP8627–29 

functional was used for geometry optimizations and frequency calculations, including both 

full geometry optimizations and constrained optimizations where the Ni–C bond length was 

systematically varied. The 6-311G(d)30 basis set was used on all atoms, and AutoAux31 was 

used as the auxiliary basis set. Split-RI-J, the default and recommended version of resolution 

of identities32–35 (RI) approximation was used. The finest available DFT grids were used 

(GRID7 NOFINALGRID). Very tight SCF convergence criteria, which has a convergence 

tolerance of 10-9 Hartrees, was applied for all DFT calculations. The restricted Kohn-Sham 

formalism (RKS) was used for the singlet ground state optimizations; the unrestricted Kohn-

Sham formalism (UKS) was used for the triplet optimizations. Additional single point 

calculations using the B3LYP28,36 functional, the def2-TZVP37 basis, and implicit solvation 

by tetrahydrofuran (THF) modeled by the conductor-like polarizable continuum model38 

(CPCM) were performed on optimized structures. Here the RIJCOSX39 approximation was 

used with fine DFT grids (GRID7 NOFINALGRID GRIDX9). At this level of theory, 

broken-symmetry singlet (BSS) and unrestricted triplet single point calculations were 

performed on the S=0 and S=1 optimized geometries, respectively. Likewise, TDDFT 
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calculations were performed using these same settings. Applying a Yamaguchi spin 

correction40,41 did not significantly affect the BSS dissociations energies of 1 and 2. It 

lowered the dissociation energy of 1 from 43.3 kcal mol-1 to 41.7 kcal mol-1 (Table C.1P); it 

barely changed the dissociation energy of 2 from 44.9 kcal mol-1 to 45.1 kcal mol-1 (Table 

C.2L). Sample input DFT and TDDFT parameters are given in Appendix C.  

Quasidegenerate N-electron valence state second-order perturbation theory42 (QD-

NEVPT2) corrected complete active space self-consistent field (CASSCF) single point 

calculations were performed on DFT optimized geometries. Tight SCF convergence criteria 

with an energy tolerance of 10-7 Hartrees were applied. The def2-TZVP basis set was used 

on all atoms, and the RIJCOSX approximation was employed. Note that the number of states 

averaged was varied (see Tables C.1G-1 – C.1G-3), and it was found that a state-averaging 

with fifteen singlets and twenty-five triplets yielded a thorough description of the ground and 

excited states of interest while maintaining reasonable computational costs. Therefore, state-

averaged CASSCF/QD-NEVPT2 single point calculations utilized fifteen singlets and 

twenty-five triplets throughout. The recommended Nakano formalism was used, and the 

corresponding CI-vectors are tabulated in Appendix C. A comparison between gas phase and 

solvent corrected CASSCF/QD-NEVPT2 single point calculations yielded qualitatively 

similar results at both the singlet equilibrium geometry and at longer Ni–C distances (3.2 Å 

for 1 and 3.1 Å for 2); therefore, gas phase calculations were conducted on all structures 

(comparisons are tabulated in Appendix C). Sample input files for CASSCF/QD-NEVPT2 

calculations are given in Appendix C. 

The size of the active space was varied until a thorough description of 1 and 2 was 

reached (comparisons between active space sizes are tabulated in Appendix C). Active 
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spaces are shown in Figures C.1C and C.1E for 1 (S=0 and S=1) and Figure C.2C and 

C.2E for 2 (S=0 and S=1). The first 10-20 lowest energy roots, CI vectors, transitions, and 

oscillator strengths are tabulated in Appendix C. An active space consisting of nine orbitals 

filled with ten electrons (9o/10e): d(xy), d(z2), d(xz), d(yz), a pair of bonding and antibonding 

orbitals from the d(x2-y2) and the C(sp2) orbital on the dissociating phenyl group, and three 

π* orbitals on the bipyridine ligand, were found to be thorough descriptors of the S=0 

equilibrium geometry of 1, while an additional orbital was added for 2. The additional orbital 

in 2 is a bonding d(xy)/C(π) orbital (see Figure C.2C), which was kept in the active space 

due to its partially unfilled occupancy of 1.93 (for compound 1, this orbital has occupancy 

of ~2 (1.99), and thus was not needed to generate a complete active space). However, as can 

be seen in Table C.2C1-3, the additional orbital in 2 was not involved in any critical 

transitions. At all other Ni–C bond lengths, the third bpy π* orbital exhibited very low 

occupancy and was removed to aid convergence. For example, the ten electrons in nine 

orbitals CASSCF calculation using the 3.6 Å geometry of 1, the third π* orbital had an 

extremely low active space occupancy value of 0.00004. 

As the Ni–C bond was elongated and eventually cleaved, the molecular geometry 

along the singlet surface approached that of the optimized triplet surface. This observation is 

particularly clear for 2. The active space for the triplet scan of 1 again consisted of the ten 

electrons in eight orbitals (active space with the third π* removed, Figure C.1E). Here the 

third bpy π* again had very low active space occupancy values (~0.0001). This was true in 

geometries ranging from 2.0 Å to 3.6 Å. For triplet structures of 1 with a short Ni–C bond 

(between 1.6-2.0 Å), the second π* orbital was similarly removed to aid convergence. For 
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the triplet scan of 2, it was possible to use an active space of ten electrons in nine orbitals 

active space for the entire scan (Figure C.2E).  

 

4.3. Results and Discussion 

 Homolytic bond dissociation is an inherently multiconfigurational process that can 

pose difficulties for DFT.43,44 Analyses therefore began by comparing the ground state wave 

functions of Ni(II)(t-Bubpy)(o-tolyl)Cl (1) and Ni(II)(bpy)(ph)(ac) (ph = phenyl, ac = acetate) 

(2), as well as their lowest energy singlet and triplet bond dissociation energies (BDEs) using 

both DFT and multireference ab initio calculations (i.e., CASSCF/QD-NEVPT242) within 

ORCA.25,26 

 

Figure 4.2. Simplified MO diagram of 1 as calculated by CASSCF/QD-NEVPT2 using a 

nine orbital, ten electron active space. Natural orbitals energies are plotted; orbital 

occupancies are labeled. 
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CASSCF/QD-NEVPT2 calculations on 1 and 2 exhibit appreciable ground state 

multiconfigurational character (Figures C.1C/C.2C and Tables C.1C/C.2C-1). Using a nine 

orbital, ten electron active space (Figure 4.2, C.1C), the dominant contributions to the 

configuration interaction (CI) vector of the singlet ground state of 1 are ~58 % low-spin d8 

(closed shell singlet, CSS) and ~22 % 1MLCT (Table C.1E). Similar values are obtained for 

2 (~57% CSS and ~23 % 1MLCT) (Table C.2D-2). With only an eight electron, five 3d-

orbital active space, the low-spin d8 character increases to ~95 % in both 1 and 2 (Table 

C.1A-2/C.2B-2). Thus, the unoccupied bpy π* orbitals, which have relatively large active 

space occupancies (Figure 4.2), play a critical role in the degree of multiconfigurational 

ground state bonding. 

It is interesting to consider the multireference data in the context of the DFT bonding 

description. The low-spin d(x2-y2) ground states of 1 and 2 are highly covalent (~56/57 % 

Ni(II) and ~11/13 % bpy character), with some back-bonding (~7-8 % occupied Ni(II) 

character in the bpy-based unoccupied π* orbitals of both 1 and 2) (Figure C.1B/C.2B). This 

highly covalent bonding framework is not particularly amenable to formal redox state 

assignment and is more consistent with a multiconfigurational bonding description.45,46 

PESs for Ni(II)–C bond dissociations from 1 and 2 are given in Figures 4.3A and 

C.2G, respectively. The DFT BDEs are ~43 kcal mol-1 and ~31 kcal mol-1 starting from the 

relaxed, lowest energy singlet and triplet structures of 1, respectively, consistent with the ~32 

kcal mol-1 from a study invoking thermal homolysis on the triplet PES.18 Values for 2 are 

similar (~45 kcal mol-1 and ~38 kcal mol-1). The multireference bond dissociation is 

fundamentally different than DFT, with significantly higher BDEs (~87/65 kcal mol-1 and 
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73/70 kcal mol-1 from the lowest energy singlet and triplet states of 1/2), suggesting that 

the Ni(II)–C bonds are stronger than in DFT and will not be thermally cleaved, even upon 

formation of the relaxed lowest energy triplet ligand field excited state. This difference is 

important, as the ~30 kcal mol-1 barrier was used to rationalize photochemical formation of 

radicals and reduced Ni species from 1.18 
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Figure 4.3. Ni(II)–C bond dissociation from the lowest energy singlet and triplet states in 1. 

(A) Relaxed DFT vs CASSCF/QD-NEVPT2 PESs and (B) DFT Löwdin spin densities for 

both the singlet (BSS) and triplet states and (C) the CASSCF/QD-NEVPT2 lowest energy 

singlet CI vector. 
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From Löwdin spin density plots in Figures 4.3B and C.2H, the DFT-based 

homolytic bond dissociation results in the formation of Ni(I) and neutral aryl radicals for 1 

and 2. The compositions of the multiconfigurational ground state CI vectors of 1 and 2 upon 

bond dissociation from the singlet ground state are given in Figures 4.3C and C.2I, 

respectively, and describe the nature of bond homolysis. Upon initial elongation of the Ni–

C bond, the amount of low-spin d8 character (CSS) decreases significantly, with a 

concomitant increase in the weighting of 1MLCT character at 2.4 Å, beyond which the CI 

vector becomes dominantly d(xz)/d(x2-y2) → C(sp2)*/π*, formally corresponding to a high-

spin Ni(II) coupled to anionic bpy and neutral aryl radicals. Some additional formal Ni(I) 

character is also present (~7 %). Independent DFT vs multireference calculations on the 

formal Ni(I) species after homolytic bond dissociation (Figure 4.4) further support this 

description. Notably, similar ligand redox has been observed for reduced formal Ni(I) species 

in ground state cross-coupling reactions.24,47  

 

 

Figure 4.4. DFT (left) vs CASSCF/QD-NEVPT2 (right) description of the formal Ni(I) 

species formed upon homolytic Ni–C bond cleavage. 
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Given the intractability of thermally assisted Ni(II)–C homolysis and radical 

formation from the lowest energy triplet ligand field excited states, we now further describe 

the excited state PESs/manifolds of 1 and 2 to develop new understanding of the mechanism 

of homolytic bond dissociation. TDDFT and CASSCF/QD-NEVPT2 calculated excited state 

manifolds at the ground state singlet relaxed structures of 1 and 2 are given in Figure C.1G 

and Tables C.1I-K, C.2A, and C.2C. Both methods predict a set of lower and higher energy 

1,3MLCTs. However, their relative oscillator strengths differ somewhat from one another 

and, for 1, the experimental spectrum. 

The CASSCF/QD-NEVPT2 ground and excited state PESs along the Ni(II)–C 

coordinate of 1 and 2 are given in Figure 4.5 and C.2J, respectively, while the analogous 

TDDFT PESs are given in Figure C.1F and C.2K, respectively. From Figure 4.5, repulsive 

excited states are present (left panel: black, red, and yellow lines). The higher energy MLCT 

excited states (A in Figure 4.5, left) cross the repulsive surfaces at Ni–C bond distances of 

~2.3–2.4 Å (circled in Figure 4.5) in both 1 and 2 with an activation energy from the Franck-

Condon point of ~25 kcal mol-1. Thus, the multireference approach predicts that homolytic 

bond dissociation occurs via population of a 1MLCT excited state (Ni(II)-to-bpy) followed 

by an intersystem crossing and intramolecular charge transfer (aryl-to-Ni(III)) (Figure 4.1B), 

where the intersystem crossing could occur between the 1,3MLCT states or the 1MLCT and 

dissociative triplet state. The resulting multiconfigurational species can be described as a 

high-spin Ni(II) with antiferromagnetically coupled electrons on the bpy and phenyl ligands 

(see Appendix C Tables C.1Q-R and C.2M-N for more details). Interestingly, this description 

of excited state bond homolysis is conceptually similar to that given for the mixed 
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MLCT/σπ* (sigma bond to ligand charge transfer) photoinduced radical formation in 

Re(I) and Ru(II) complexes.48–57 Overall, this represents a novel homolytic bond dissociation 

mechanism in nickel catalysis, which we propose derives from the redox noninnocent and 

multiconfigurational ground and excited state bonding in Ni(II)-bpy complexes. 

 

 

Figure 4.5. CASSCF/QD-NEVPT2 relaxed ground and excited state PESs along the Ni–C 

coordinate of 1. Left: Vertical excitation (black vertical arrow), the higher (A) and lower 

energy (B) manifolds of MLCTs, and the crossings between the higher energy MLCTs and 

repulsive triplets (circled) are depicted. Singlet states, circles; triplets, squares. Right: 

Simplified depiction of the UV light photoinduced Ni–C bond homolysis process. 

 

Experimentally, the lowest energy triplet ligand field excited states of Ni(II)-bpy aryl 

halide complexes are populated in ~5-10 ps.18 Given an estimated Ni(II)–C frequency of 

~250 cm-1, ~40-80 vibrational periods could occur to drive intersystem and surface crossings 

that could compete with a population of the lowest energy triplet ligand field state. A higher 

energy aryl vibration (~650 cm-1; Figures C.1I/C.2L for 1 and 2, respectively) exhibiting 

significant changes in Ni–C bond distance may also provide ~100-200 vibrational periods to 

drive these processes. 
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The yield of the cross-coupled product obtained from direct excitation of 1 is 

incident light dependent; high yields are only observed with UV light (390-395 nm or ~70 

kcal mol-1),20 corresponding to excitation into the higher energy manifold of MLCT states 

(Figure 4.5). Of particular relevance to compound 2, variations in the energy of the 

photosensitizer triplet state demonstrated C–O coupling occurs when ~40-45 kcal mol-1 is 

transferred to the Ni catalyst.11 This energy would excite complexes to the lower energy 

manifold of MLCT states (Figure 4.5, C.2J), resulting in thermodynamically unfavorable 

radical formation (~45 kcal mol-1) for both 1 and 2. Thus, an alternative relaxation pathway 

and mechanism may exist for photosensitized cross-coupling. In fact, triplet ligand field 

excited state formation, reductive elimination, and homolytic bond dissociation may all be 

possible for a given Ni(II)-bpy complex. We believe the ligands in addition to bpy will be of 

particular importance in determining the relative propensity for specific relaxation pathways. 

For example, reductive elimination is disfavored for the aryl halide (1) relative to the aryl 

carboxylate (2). This may preferentially lead to excited state processes that favor the 

formation of radicals and ligand field excited states over an intractable photosensitized or 

direct excitation induced reductive elimination.  

 

4.4. Conclusions 

 In summary, we have provided a new electronic structural framework to interpret UV 

light-induced homolytic bond dissociation in Ni(II)-bpy complexes of relevance for 

photoredox catalysis. Compared to DFT, multireference ab initio calculations predict: (1) 

thermal homolysis from the lowest energy triplet ligand field excited state is not energetically 

favorable (barriers: DFT ~30 kcal mol-1, CASSCF/QD-NEVPT2 ~70 kcal mol-1), (2) initial 
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population of a Ni(II)-to-bpy 1MLCT excited state can be followed by intersystem 

crossing and aryl-to-Ni(III) intramolecular charge transfer, resulting in the formation of 

repulsive triplet excited states described as a high-spin Ni(II) coupled to anionic bpy and 

neutral aryl radicals. Formally, this represents an overall two-electron transfer process driven 

by a single photon. The formation of repulsive excited states likely also competes with 

relaxation to the experimentally observed triplet ligand field excited state, which further 

relaxes to the ground state without radical formation. (3) The immediate products of 

homolytic bond dissociation are not Ni(I)-bpy and an aryl radical as described by DFT, but 

rather a multiconfigurational species with a dominantly high-spin Ni(II) coupled to a redox 

active bpy anion radical ligand, similar to descriptions for formal Ni(I) intermediates in 

ground state thermal cross-coupling catalysis.24,47 
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A p p e n d i x  A  

SUPPORTING INFORMATION FOR CHAPTER 2: QUANTIFYING ENTATIC 

STATES IN PHOTOPHYSICAL PROCESSES: APPLICATIONS TO COPPER 

PHOTOSENSITIZERS 

 

Adapted with permission from:  

Stroscio, G. D.; Ribson, R. D.; Hadt, R. G.* Quantifying Entatic States in Photophysical 

Processes: Applications to Copper Photosensitzers. Inorg. Chem. 2019, 58 (24), 16800-

16817. https://doi.org/10.1021/acs.inorgchem.9b02976.  
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A.A. Methods 

 

A.A.1. Synthesis and Electrochemistry 

All syntheses were carried out at room temperature in a N2(g) atmosphere M. Braun 

glovebox. 1,10-phenanthroline and 2,9-dimethyl-1,10-phenanthroline were purchased 

from Combi-Blocks Inc. and used without further purification. CDCl3 was purchased from 

Cambridge Isotope Laboratories. 2,9-di-sec-butyl-1,10-phenathroline1, 

[Cu(MeCN)4][PF6]
2, [Cu(phen)2][PF6], [Cu(dmp)2][PF6], and [Cu(dsbp)2][PF6]

3 were 

synthesized according to literature procedures. Acetonitrile and diethyl ether were 

degassed by sparging with nitrogen for 15 minutes and then dried on a column of activated 

A2 alumina under positive nitrogen pressure. 1H and 13C NMR spectra were recorded on a 

Varian 400 MHz spectrometer. 

 

[Cu(mmp)2][PF6] was synthesized according to a modified literature procedure.4 A 

solution of 2-methyl-1,10-phenanthroline (194.2 mg, 1.0 mmol) in MeCN (3 mL) was 

added to [Cu(MeCN)4][PF6] (186.4 mg, 0.5 mmol) under N2(g) atmosphere. The deep red 

solution was then stirred for fifteen minutes and Et2O (~20 mL) was added to precipitate 

the product, which was then recrystallized via slow vapor diffusion of Et2O into a 

concentrated DCM solution of the product. The resulting crystals were collected and 

washed with Et2O, yielding the product (% yield). 1H NMR (400 MHz, CDCl3): δ 2.48 (s, 

6H), 7.81 (d, 2H), 7.88 (dd, 2H), 8.06 (m, 4H), 8.50 (d, 2H), 8.57 (d, 2H), 8.86 (d, 2H) 
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ppm. 13C NMR (400 MHz, CDCl3) δ 25.99, 125.29, 125.94, 126.16, 127.06, 127.46, 

129.59, 137.03, 137.24, 143.31, 143.71, 148.81, 158.02 ppm. 

 

Cyclic Voltammetry was carried out with a Pine Instrument Company AFCBP1 

biopotentiostat with the AfterMath software package. Measurements were performed in a 

three electrode cell, consisting of a glassy carbon working electrode (ø = 3.0 mm), a silver 

wire counter electrode, and a platinum wire reference electrode under a N2(g) atmosphere 

at room temperature in an M. Braun glovebox. Cyclic voltammograms were taken of 2 mM 

solutions of copper bis-phenanthroline complex and 0.1 M [Bu4N][PF6] electrolyte in dry 

dichloromethane. The ferrocene/ferrocenium (Fc/Fc+) redox couple or alternatively the 

decamethylferrocene/decamethylferrocinium (Fc*/Fc*+) were used as internal reference 

standards for all measurements. Those redox potentials referenced to Fc*/Fc*+ could then 

be converted to potentials vs Fc/Fc+ by using the measured difference in redox potentials 

of Fc*/Fc*+ and Fc/Fc+ under our conditions. 

 

A.A.2. Spectroscopic Methods 

A.A.2.1. Emission Spectra 

Corrected 77 K Emission spectra were collected in the Beckman Institute Laser Resource 

Center using a modified Jobin Yvon Spec Fluorolog-3 instrument employing two Ocean 

Optics EQDPro CCD spectrometers spanning 300 to 930 nm for detection. Samples were 

excited with a xenon arc lamp, employing a monochromator for wavelength selection. 90 
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° emission spectra were detected with a photodiode array. Samples were prepared as 1 

mM solutions in 1:1 Toluene/DCM and were degassed by sparging with N2(g) for 10 

minutes prior to being added to an EPR tube and glassed at 77 K in liquid N2 for the 

experiment. The glassed samples were then transferred to a vacuum-sealed double walled 

glass Dewar containing liquid N2(g). The sample compartment of the fluorimeter was 

purged with N2(g) for 10 min prior to introduction of the 77 K sample and N2(g) flow was 

maintained throughout the experiment to avoid condensation of moisture. The sample was 

positioned in the compartment such that the detected emission intensity was maximized. 

 

A.A.2.2. 77 K Emission Spectra Gaussian Fitting 

Emission spectra were fit to a minimum of three Gaussian peaks of equal full-width half-

maximum using nonlinear least squares estimation of the coefficients with the non-linear 

regression fitting package in MATLAB. Reorganization energy was then calculated from 

the fitted full-width half-maximum values.5 

 

A.A.2.2. Steady State and Transient Absorption Spectroscopy 

Steady state absorption spectra were collected using a Varian Cary 500 Scan 

spectrophotometer with Varian Cary WinUV software (version 5.10(464)). Transient 

absorption spectra were collected using a setup consisting of the following three 

components: 1) a 1 kHz amplified Ti:sapphire system lasing at 800 nm (5 W, 35 fs, 

Astrella, Coherent), 2) an OPerA Solo optical parametric amplifier (OPA) tuned to 410 
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nm, and 3) a HELIOS FIRE automated femtosecond transient absorption spectrometer. 

Samples (purged with N2(g)) were stirred in 2 mm pathlength quartz cuvettes during data 

acquisition to minimize any photodegradation. However, no photodegradation was 

observed over the course of three scans. 
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A.A.3. Computational Methods 

All DFT calculations were carried out using ORCA6,7, versions 4.0.0.2, 4.0.1.2, and 4.1.2. 

Geometry optimizations for reduced, oxidized, and 3MLCT states were carried out using 

the BP868–10 functional (spin unrestricted formalism for oxidized and 3MLCT states), in 

combination with split basis set: a 6-311G(d)11 basis set on Cu and ligating atoms and 6-

31G(d)12 on all other atoms. Frequency calculations were carried out to ensure geometries 

and wavefunctions represented minima. For additional computational benchmarking, the 

TPSSh13–15 and B3LYP9,16 functionals were used, which allowed for benchmarking at HF 

exchange levels of 0 (BP86), 10 (TPSSh), and 20% (B3LYP). Single point energy 

calculations were carried out using the functionals mentioned above, but with a higher split 

basis set (6-311+G(d) for Cu and ligating atoms, and 6-311G(d) for all other atoms). 

Solvation effects were included using ORCA’s conductor-like polarizable continuum 

model17 (CPCM). These values are reported when there was not an apparent occurrence of 

ORCA’s CPCM glich, which is possibly due to a problem in cavity-construction. All 

reported final single point energies were carried out on DFT grid 4; the resolutions of 

identities18–23 (RI) approximation was used; Split-RI-J, the default and recommended 

implementation of RI for generalized gradient approximation functionals was used for 

BP86 and RIJCOSX, the recommended approximation for hybrid functionals, was used for 

TPSSh and B3LYP (GRIDX5). AutoAux24 was used as the auxiliary basis set. All 

optimization and frequency calculations were carried out on at least DFT grid 4. All 

thermodynamic quantities have been obtained using the same numerical precision (same 

grid size). For all calculations, tight SCF convergence criteria were used, corresponding to 
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a convergence tolerance in the energy change of 10-8 Hartree. SCF stability analyses 

showed that the obtained wavefunctions were stable. Also, <S2> data for the 2,9-alkyl 

triplets are tabulated below: 

Species <S2> 

bis-phen 2.002743 

bis-mmp 2.002924 

bis-dmp 2.002848 

bis-dbp 2.002743 

bis-dsbp 2.002774 

bis-dnpp 2.002918 

dmp-dtbp 2.002924 

bis-dtbp 2.002783 

 

For each species, the adiabatic ionization energy (IE) was found by taking the energy 

difference between the reduced (singlet) and oxidized (doublet) states in their equilibrium 

geometries. Calculated IEs were converted to E°s versus the Normal Hydrogen Electrode 

(NHE) by subtracting 4.44 eV from the IE.25 This methodology has been employed 

elsewhere for calculating E°s.26-28 Note that alternative approaches to using NHE have been 

reported, including referencing to the calculated value of the ferrocene (Fc/Fc+) couple.29 

As we are most interested in reproducing relative E°s, we have chosen to use the NHE 

corrected values instead of calculated values for the ferrocene (Fc/Fc+) couple, as this 

would correspond to a linear offset. Additionally, calibration against the bis-phen complex 

was not employed here due to experimental complications regarding E° from differential 

oxidation state stabilization, as described in Section 2.2.1.1 in Chapter 2. Given electronic 

energies have been used here to calculate potentials, entropic contributions have been 
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neglected. However, these are likely to be relatively constant across this series of 

complexes. Beyond IE and E°, the ground state reorganization energy (λi) and excited state 

relaxation energy (γi) parameters were calculated. These metrics contain information 

regarding the curvature of PESs along a reaction coordinate. The λi value was obtained by 

taking λox + λred (where λox = ox(red)-ox(ox), λred = red(ox)-red(red), where the notation is 

oxidation state(geometry) with “red” denoting the reduced (singlet) state and “ox” denoting 

the oxidized (doublet) state) (Figure A.1A). The γi value was likewise obtained by taking 

γtrip + γred (where γtrip = trip(red)- trip(trip), γred = red(trip)-red(red), where the notation is 

spin state(geometry) with “trip” denoting the triplet state) (Figure A.1B). 
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A.B. Tables 

 
Table A.1. Calculated E° (V vs. NHE) for capped 2,9-alkyl substituted bis-phen 

complexes.a 

Ligand BP86 

(V) 

TPSSh 

(V) 

B3LYP 

(V) 

Experiment (V) 

phen 1.071 0.716 0.624 0.84 

phen* 0.769 0.376 0.303 0.84 

mmp 1.166 0.832 0.760 0.99 

mmp* 1.037 0.681 0.604 0.99 

dmp 1.272 0.968 0.892 1.19 

dmp* 1.219 0.912 0.832 1.19 

dbp 1.328 1.030 0.960 1.31 

dnpp 1.255 0.951 0.872 1.31 

dsbp 1.381 1.086 1.022 1.38 

dmp-dtbp 1.454 1.183 1.153  

dtbp 1.549 1.308 1.309 1.40 
a References are provided in Table 2.1 of Chapter 2. 
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Table A.2. Comparisons between excited state lifetimes and calculated ground state 

reorganization energies and excited state relaxation energies for capped 2,9-alkyl 

substituted bis-phen complexes.a 

Ligand 𝜏 (ns) ln(𝜏) 𝜆 (eV)b 𝜆 (eV)c 𝛾 (eV)b 𝛾 (eV)c 

phen 0.14 -1.97 0.994  

(22.9) 

1.064  

(24.5) 

1.434  

(33.1) 

1.428  

(32.9) 

phen*   1.067  

(24.6) 

1.222  

(28.2) 

1.391  

(32.1) 

1.411  

(32.5) 

mmp 2d 0.69 0.714  

(16.5) 

0.764  

(17.6) 

1.098  

(25.3) 

1.094  

(25.2) 

mmp*   0.812  

(18.7) 

0.920 

(21.2) 

1.169  

(27.0) 

1.169  

(27.0) 

dmp 90 4.50 0.509  

(11.7) 

0.551  

(12.7) 

0.891  

(20.5) 

0.893  

(20.6) 

dmp*   0.527  

(12.2) 

0.558  

(12.9) 

0.871  

(20.1) 

0.862  

(19.9) 

dbp 150 5.01 0.454  

(10.5) 

0.489  

(11.3) 

0.792  

(18.3) 

0.771  

(17.8) 

dnpp 260 5.56 0.345  

(7.96) 

0.371  

(8.56) 

0.646 

(14.9) 

0.644  

(14.9) 

dsbp 400 5.99 0.407  

(9.39) 

0.444  

(10.2) 

0.761  

(17.5) 

0.765  

(17.6) 

dmp-dtbp 730e 6.59 0.321  

(7.40) 

0.345  

(7.96) 

0.623  

(14.4) 

0.630  

(14.5) 

dtbp 3260 8.09 0.134  

(3.09) 

0.157  

(3.62) 

0.318  

(7.33) 

0.304  

(7.01) 
a Unless indicated, lifetimes were taken from Table 1 of ref. 21 in Chapter 2 and references cited 

therein. Parenthetical values in kcal/mol. 

b Gas phase 

c CPCM corrected 

d This work 

e Reference 92 of Chapter 2. 
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Table A.3. Regression analyses (95% CI) for the correlation with experimental ln(𝜏). 

  Coefficients Standard Error Lower 95% Upper 95% 

ln(𝜏) vs. E°a y-int. 0.9616 0.0271 0.8919 1.0313 

 slope 0.0606 0.0053 0.0469 0.0743 

ln(𝜏) vs. E°b y-int. 1.1264 0.0194 1.0767 1.1762 

 slope 0.0322 0.0038 0.0225 0.0420 

ln(𝜏) vs. E°c y-int. 0.9440 0.0335 0.8579 1.0301 

 slope 0.0616 0.0066 0.0447 0.0785 

ln(𝜏) vs. E°d y-int. 1.1243 0.0386 1.0251 1.2235 

 slope 0.0414 0.0076 0.0219 0.0608 

ln(𝜏) vs. 𝜆i
e y-int. 0.0873 0.0225 0.8180 0.9280 

 slope -0.0816 0.0042 -0.0920 -0.0713 

ln(𝜏) vs. 𝜆i
f y-int. 1.0010 0.0200 0.9521 1.0500 

 slope -0.1020 0.0038 -0.1112 -0.0928 

ln(𝜏) vs. 𝜆i
g y-int. 0.8817 0.0305 0.8070 0.8224 

 slope -0.0832 0.0058 -0.0973 -0.0691 

ln(𝜏) vs. 𝜆i
h y-int. 0.8156 0.0248 0.7549 0.8764 

 slope -0.0740 0.0047 -0.0855 -0.0626 

ln (𝜏) vs. 𝛾i
e y-int. 1.2383 0.0466 1.1243 1.3523 

 slope -0.0998 0.0088 -0.1212 -0.0783 

ln (𝜏) vs. 𝛾i
f y-int. 1.2571 0.0419 1.1545 1.3597 

 slope -0.1027 0.0079 -0.1220 -0.0833 

ln (𝜏) vs. 𝛾i
g y-int. 1.2378 0.0567 1.0993 1.3763 

 slope -0.0979 0.0107 -0.1239 -0.0718 

ln (𝜏) vs. 𝛾i
h y-int. 1.2461 0.0487 1.1270 1.3651 

 slope -0.1002 0.0092 -0.1227 -0.0778 

ln (𝜏) vs. EGe y-int. 0.9424 0.0429 0.8375 1.0474 

 slope 0.1046 0.0081 0.0848 0.1243 

ln (𝜏) vs. EGf y-int. 0.8395 0.0388 0.7445 0.9344 

 slope 0.1205 0.0073 0.1026 0.1383 

ln (𝜏) vs. EGg y-int. 0.9172 0.0636 0.7614 1.0729 

 slope 0.1043 0.0120 0.0749 0.1336 

ln (𝜏) vs. EGh y-int. 0.9539 0.0442 0.8459 1.0620 

 slope 0.1032 0.0083 0.0828 0.1236 
a Using experimental E°s. 
b Using calculated E°s (uncapped). 
c Using calculated E°s with differential oxidation state stabilization (bis-phen*, -mmp*, and -

dmp*). 
d Using calculated E°s (H–capped). 
e Using calculated energies (uncapped). 
f Using calculated energies with differential oxidation state stabilization (bis-phen*, -mmp*, and -

dmp*). 
g Using calculated energies (H–capped). 
h Using calculated energies (uncapped, gas phase). 
i Using calculated values of energy gap (uncapped, CPCM). 
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Table A.4. Calculated inner sphere reorganization and excited state relaxation energies 

for all complexes considered in Chapter 2 Figure 2.12A. Gas phase. 

 
Alkyl 2,9-

Phenanthrolines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

phen 

phen* 

mmp 

mmp* 

0.14 

 

2 

-1.966 

 

0.693 

0.994 

1.067 

0.706 

0.802 

22.9 

24.6 

16.3 

18.5 

1.434 

1.391 

1.114 

1.202 

33.1 

32.1 

25.7 

27.7 

dmp 

dmp* 

90 4.5 0.484 

0.481 

11.2 

11.1 

0.910 

0.865 

21.0 

19.9 

dbp 

dnpp 

150 

260 

5.011 

5.561 

0.445 

0.388 

10.3 

8.95 

0.747 

0.665 

17.2 

15.3 

dsbp 

dmp-dtbp 

400 

730 

5.991 

6.593 

0.397 

0.383 

9.15 

8.83 

0.715 

0.616 

16.5 

14.2 

dtbp 3260 8.089 0.176 4.06 0.312 7.19 

Other 2,9-

Phenanthrolines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

tmbp 18 2.89 0.621 14.3 0.932 21.5 

CuCl 62.7 4.138 0.433 9.98 0.722 16.7 

bcp 80 4.382 0.352 8.12 0.772 17.8 

dbdmp 145 4.977 0.430 9.91 0.749 17.3 

bfp 165 5.106 0.606 14.0 0.793 18.3 

dbtmp 920 6.824 0.360 8.31 0.682 15.7 

Diphenyl 2,9-

Phenanthrolines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

tpp 230 5.438 0.208 4.81 0.382 8.81 

dmpp 237 5.468 0.196 4.53 0.379 8.75 

dpp 270 5.598 0.212 4.90 0.397 9.15 

dpdmp 310 5.737 0.233 5.38 0.405 9.34 

dptmp 480 6.174 0.227 5.24 0.448 10.3 

Heteroleptic Phen-

POPs 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

phen-POP 190 5.247 0.580 13.4 1.079 24.9 

dmp-POP 14300 9.568 0.370 8.54 0.666 15.4 

dbp-POP 16100 9.687 0.362 8.36 0.635 14.6 

Tricoordinate 

Amidophosphines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

(Ph3P)2Cu(N(p-FPh)2) 2500 7.824 0.217 5.01 0.371 8.55 

(Ph3P)2Cu(NTol2) 3100 8.039 0.162 3.73 0.385 8.88 

(Ph3P)2Cu(NPh2) 3170 8.061 0.191 4.40 0.397 9.15 

(Ph3P)2Cu(cbz) 11700 9.367 0.178 4.09 0.250 5.77 

Mononuclear 

Amidophosphines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

[MePN]Cu(PPh3)2 6700 8.81 0.149 3.43 0.262 6.04 
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[PN]Cu(PPh3)2 20200 9.913 0.152 3.52 0.218 5.03 

[PN]Cu(PMe3)2 22300 10.012 0.168 3.87 0.368 8.48 

[CF3PN]Cu(PPh3)2 150000 11.918 0.168 3.88 0.262 6.05 

Heteroleptic Phen-

PPh3 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

phen-PPh3 220 5.394 0.496 11.4 0.981 22.6 

dmp-PPh3 330 5.799 0.404 9.32 0.686 15.8 

Binuclear Complexes τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

{PNP-Cu(I)}2 10900 9.297 0.208 4.81 0.352 8.11 

{PPP-Cu(I)}2 600 6.397 0.389 8.97 0.550 12.7 

Carbene Complexes τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

(DAC*)Cu(CzCN2) 80 4.382 0.110 2.55 0.291 6.71 

(DAC*)Cu(CzCN) 52 3.951 0.127 2.94 0.276 6.36 

(MAC*)Cu(CzCN) 1200 7.090 0.106 2.45 0.377 8.69 
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Table A.5. Calculated inner sphere reorganization and excited state relaxation energies for 

all complexes considered in Chapter 2 Figure 2.12A. CPCM. 

 
Alkyl 2,9-

Phenanthrolines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

phen 

phen* 

mmp 

mmp*  

0.14 

 

2 

-1.966 

 

0.693 

1.06 

1.222 

0.763 

0.922 

24.4 

28.2 

17.7 

21.3 

1.43 

1.411 

1.112 

1.202 

33.0 

32.5 

25.6 

27.7 

dmp 

dmp*  

90 4.5 0.521 

0.526 

12.0 

12.1 

0.890 

0.867 

20.5 

20.0 

dbp 

dnpp 

150 

260 

5.011 

5.561 

0.458 

0.393 

10.6 

9.06 

0.724 

0.664 

16.7 

15.3 

dsbp 

dmp-dtbp 

400 

730 

5.991 

6.593 

0.407 

0.381 

9.39 

8.79 

0.716 

0.621 

16.5 

14.3 

dtbp 3260 8.089 0.183 4.22 0.312 7.19 

Other 2,9-

Phenanthrolines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

tmbp 18 2.89 0.659 15.2 0.934 21.5 

bcp 80 4.382 0.401 9.25 0.790 18.2 

dbdmp 145 4.977 0.441 10.2 0.725 16.7 

dbtmp 920 6.824 0.367 8.46 0.659 15.2 

Diphenyl 2,9-

Phenanthrolines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

tpp 230 5.438 0.220 5.07 0.387 8.92 

dptmp 480 6.174 0.232 5.35 0.463 10.7 

Heteroleptic Phen-

POPs 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

phen-POP 190 5.247 0.604 13.9 1.10 25.4 

dmp-POP 14300 9.568 0.380 8.76 0.690 15.9 

dbp-POP 16100 9.687 0.361 8.32 0.654 15.1 

Tricoordinate 

Amidophosphines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

(Ph3P)2Cu(N(p-FPh)2) 2500 7.824 0.189 4.36 0.336 7.75 

(Ph3P)2Cu(NTol2) 3100 8.039 0.140 3.23 0.343 7.91 

(Ph3P)2Cu(NPh2) 3170 8.061 0.167 3.85 0.356 8.21 

(Ph3P)2Cu(cbz) 11700 9.367 0.161 3.71 0.237 5.47 

Mononuclear 

Amidophosphines 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

[MePN]Cu(PPh3)2 6700 8.81 0.137 3.16 0.251 5.79 

[PN]Cu(PPh3)2 20200 9.913 0.137 3.16 0.219 5.05 

[PN]Cu(PMe3)2 22300 10.012 0.156 3.60 0.408 9.41 

[CF3PN]Cu(PPh3)2 150000 11.918 0.134 3.09 0.284 6.55 
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Heteroleptic Phen-

PPh3 

τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

phen-PPh3 220 5.394 0.545 12.6 1.02 23.5 

dmp-PPh3 330 5.799 0.417 9.62 0.694 16.0 

Binuclear Complexes τ ln(τ) λ (eV) λ (kcal/mol) γ (eV) γ 

(kcal/mol) 

{PNP-Cu(I)}2 10900 9.297 0.208 4.80 0.351 8.09 

{PPP-Cu(I)}2 600 6.397 0.393 9.06 0.532 12.3 

Carbene Complexes τ ln(τ) λ (eV) λ (kcal/mol γ (eV) γ 

(kcal/mol) 

(DAC*)Cu(CzCN2) 80 4.382 0.089 2.05 0.310 7.15 
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Table A.6. Calculated energy gaps for all complexes considered in Chapter 2 Figure 2.12B. 

Gas phase. 

 
Baseline 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

phen 

phen* 

mmp 

mmp* 

0.14 

 

2 

-1.966 

 

0.693 

0.778 

0.655 

1.044 

0.944 

17.9 

15.1 

24.1 

21.8 

90.0 

82.8 

86.8 

87.0 

38.5 

43.5 

50.9 

48.8 

35.5 

37.4 

74.5 

47.0 

dmp 

dmp* 

90 4.5 1.377 

1.330 

31.8 

30.7 

90.0 

87.5 

64.6 

64.3 

65.0 

59.9 

dbp 

dnpp 

150 

260 

5.011 

5.561 

1.507 

1.418 

34.8 

32.7 

90.0 

77.1 

68.0 

61.1 

65.0 

59.4 

dsbp 

dmp-dtbp 

400 

730 

5.991 

6.593 

1.511 

1.658 

34.8 

38.2 

89.8 

89.9 

69.7 

72.4 

64.6 

70.0 

dtbp 3260 8.089 1.896 43.7 81.8 77.7 70.1 

Other 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

tmbp 18 2.89 1.292 29.8 89.9 66.1 64.1 

CuCl 62.7 4.138 1.524 35.1 90.0 61.8 59.1 

bcp 80 4.382 1.315 30.3 89.5 67.1 61.0 

dbdmp 145 4.977 1.533 35.4 90.0 68.5 64.9 

bfp 165 5.106 1.446 33.3 89.2 68.5 66.2 

dbtmp 920 6.824 1.620 37.4 90.0 72.4 69.4 

Diphenyl 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip.

Angle 

tpp 230 5.438 1.336 30.8 69.4 60.9 58.3 

dmpp 237 5.468 1.411 32.5 69.4 60.4 58.1 

dpp 270 5.598 1.415 32.6 69.5 60.7 58.6 

dpdmp 310 5.737 1.429 33.0 69.7 60.3 58.1 

dptmp 480 6.174 1.436 33.1 77.0 66.4 63.7 

Heteroleptic 

Phen-POPs 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip.

Angle 

phen-POP 190 5.247 1.312 30.3 87.4 66.8 56.8 

dmp-POP 14300 9.568 1.834 42.3 87.7 82.1 74.5 

dbp-POP 16100 9.687 1.878 43.3 86.8 82.6 72.1 

Tricoordinate 

Amidophosphines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip.

Angle 

(Ph3P)2Cu(N(p-

FPh)2) 

2500 7.824 1.688 38.9    
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(Ph3P)2Cu(NTol2) 3100 8.039 1.645 37.9    

(Ph3P)2Cu(NPh2) 3170 8.061 1.724 39.8    

(Ph3P)2Cu(cbz) 11700 9.367 2.010 46.4    

Mononuclear 

Amidophosphines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

[MePN]Cu(PPh3)2 6700 8.81 1.953 45.0 82.7 84.1 84.4 

[PN]Cu(PPh3)2 20200 9.913 1.987 45.8 82.7 84.2 85.4 

[PN]Cu(PMe3)2 22300 10.012 2.147 49.5 81.5 86.2 89.5 

[CF3PN]Cu(PPh3)2 150000 11.918 1.883 43.4 82.8 84.1 84.5 

Heteroleptic 

Phen-PPh3 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

phen-PPh3 220 5.394 1.464 33.8 89.0 65.9 59.1 

dmp-PPh3 330 5.799 1.839 42.4 86.2 80.8 75.3 

Binuclear 

Complexes 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

{PNP-Cu(I)}2  10900 9.297 1.810 41.7 

 

69.4 

69.8 

64.6 

70.1 

69.0 

69.9 

{PPP-Cu(I)}2 600 6.397 1.455 33.6 57.6 

57.7 

59.3 

59.5 

59.5 

59.9 

Carbene 

Complexes 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip.

Angle 

(DAC*)Cu(CzCN2) 80 4.382 1.648 38.0    

(DAC*)Cu(CzCN) 52 3.951 1.501 34.6    

(MAC*)Cu(CzCN) 1200 7.090 1.912 44.1    
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Table A.7. Calculated energy gaps for all complexes considered in Chapter 2 Figure 2.12B. 

CPCM. 

 
Baseline 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

phen 

phen* 

mmp 

mmp* 

0.14 

 

2 

-1.966 

 

0.693 

0.767 

0.627 

1.029 

0.932  

17.7 

14.5 

23.7 

21.5 

90.0 

82.8 

86.8 

87.0 

38.5 

43.5 

50.9 

48.8 

35.5 

37.4 

74.5 

47.0 

dmp 

dmp* 

90 4.5 1.360 

1.321  

31.4 

30.5 

90.0 

87.5 

64.6 

64.3 

65.0 

59.9 

dbp 

dnpp 

150 

260 

5.011 

5.561 

1.507 

1.423  

34.8 

32.8 

90.0 

77.1 

68.0 

61.1 

65.0 

59.4 

dsbp 

dmp-dtbp 

400 

730 

5.991 

6.593 

1.515 

1.649  

34.9 

38.0 

89.8 

89.9 

69.7 

72.4 

64.6 

70.0 

dtbp 3260 8.089 1.894 43.7 81.8 77.7 70.1 

Other 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip.

Angle 

tmbp 18 2.89 1.273 29.4 89.9 66.1 64.1 

CuCl 62.7 4.138 1.545 35.6 90.0 61.8 59.1 

bcp 80 4.382 1.283 29.6 89.5 67.1 61.0 

dbdmp 145 4.977 1.532 35.3 90.0 68.5 64.9 

bfp 165 5.106 1.475 34.0 89.2 68.5 66.2 

dbtmp 920 6.824 1.620 37.4 90.0 72.4 69.4 

Diphenyl 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip.

Angle 

tpp 230 5.438 1.324 30.5 69.4 60.9 58.3 

dmpp 237 5.468 1.396 32.2 69.4 60.4 58.1 

dpp 270 5.598 1.416 32.7 69.5 60.7 58.6 

dpdmp 310 5.737 1.429 33.0 69.7 60.3 58.1 

dptmp 480 6.174 1.437 33.1 77.0 66.4 63.7 

Heteroleptic 

Phen-POPs 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

phen-POP 190 5.247 1.320 30.4 87.4 66.8 56.8 

dmp-POP 14300 9.568 1.816 41.9 87.7 82.1 74.5 

dbp-POP 16100 9.687 1.856 42.8 86.8 82.6 72.1 

Tricoordinate 

Amidophosphines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

(Ph3P)2Cu(N(p-

FPh)2) 

2500 7.824 1.783 41.1    
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(Ph3P)2Cu(NTol2) 3100 8.039 1.716 39.6    

(Ph3P)2Cu(NPh2) 3170 8.061 1.816 41.9    

(Ph3P)2Cu(cbz) 11700 9.367 2.163 49.9    

Mononuclear 

Amidophosphines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

[MePN]Cu(PPh3)2 6700 8.81 1.994 46.0 82.7 84.1 84.4 

[PN]Cu(PPh3)2 20200 9.913 2.027 46.7 82.7 84.2 85.4 

[PN]Cu(PMe3)2 22300 10.012 2.109 48.6 81.5 86.2 89.5 

[CF3PN]Cu(PPh3)2 150000 11.918 1.893 43.7 82.8 84.1 84.5 

Heteroleptic 

Phen-PPh3 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

phen-PPh3 220 5.394 1.484 34.2 89.0 65.9 59.1 

dmp-PPh3 330 5.799 1.860 42.9 86.2 80.8 75.3 

Binuclear 

Complexes 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

{PNP-Cu(I)}2  10900 9.297  1.792 41.3 69.4 

69.8 

64.6 

70.1 

69.0 

69.9 

{PPP-Cu(I)}2  600 6.397 1.424 32.8 57.6 

57.7 

59.3 

59.5 

59.5 

59.9 

Carbene 

Complexes 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Red. 

Angle 

Ox. 

Angle 

Trip. 

Angle 

(DAC*)Cu(CzCN2) 80 4.382 1.746 40.3    

 

  



 

 

133 

 

Table A.8. Calculated energy gaps for capped structures. Gas Phase. 

Alkyl 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Reduced 

Angle 

Oxidized 

Angle 

Triplet 

Angle 

phen 

phen* 

mmp 

mmp* 

0.14 

 

2 

-1.966 

 

0.693 

0.778 

0.655 

1.031 

0.948 

17.9 

15.1 

23.8 

21.9 

90.0 

82.8 

86.8 

87.0 

38.5 

43.5 

50.9 

48.8 

35.5 

37.4 

74.5 

47.0 

dmp 

dmp* 

90 4.5 1.328 

1.285 

30.6 

29.6 

90.0 

87.5 

64.6 

64.3 

65.0 

59.9 

dbp 

dnpp 

150 

260 

5.011 

5.561 

1.451 

1.415 

33.5 

32.6 

90.0 

77.1 

68.0 

61.1 

65.0 

59.4 

dsbp 

dmp-dtbp 

400 

730 

5.991 

6.593 

1.459 

1.643 

33.6 

37.9 

89.8 

89.9 

69.7 

72.4 

64.6 

70.0 

dtbp 

CuCl 

bfp 

tpp 

dmpp 

dpp 

dpdmp 

dptmp 

3260 

62.7 

165 

230 

237 

270 

310 

480 

8.089 

4.138 

5.106 

5.438 

5.468 

5.598 

5.737 

6.174 

1.963 

1.395 

1.502 

1.339 

1.425 

1.422 

1.434 

1.479 

45.3 

32.2 

34.6 

30.9 

32.9 

32.8 

33.1 

34.1 

81.8 

90.0 

89.2 

69.4 

69.4 

69.5 

69.7 

77.0 

77.7 

61.8 

68.5 

60.9 

60.4 

60.7 

60.3 

66.4 

70.1 

59.1 

66.2 

58.3 

58.1 

58.6 

58.1 

63.7 
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Table A.9. Calculated energy gaps for capped structures. CPCM. 

Alkyl 2,9-

Phenanthrolines 

τ ln(τ) Energy 

Gap 

(eV) 

Energy 

Gap 

(kcal/mol) 

Reduced 

Angle 

Oxidized 

Angle 

Triplet 

Angle 

phen 

phen* 

mmp 

mmp* 

0.14 

 

2 

-1.966 

 

0.693 

0.767 

0.627 

1.016 

0.936 

17.7 

14.5 

23.4 

21.6 

90.0 

82.8 

86.8 

87.0 

38.5 

43.5 

50.9 

48.8 

35.5 

37.4 

74.5 

47.0 

dmp 

dmp* 

90 4.5 1.308 

1.286 

30.2 

29.7 

90.0 

87.5 

64.6 

64.3 

65.0 

59.9 

dbp 

dnpp 

150 

260 

5.011 

5.561 

1.430 

1.399 

33.0 

32.3 

90.0 

77.1 

68.0 

61.1 

65.0 

59.4 

dsbp 

dmp-dtbp 

400 

730 

5.991 

6.593 

1.439 

1.623 

33.2 

37.4 

89.8 

89.9 

69.7 

72.4 

64.6 

70.0 

dtbp 

tpp 

dmpp 

dpp 

dpdmp 

dptmp 

3260 

230 

237 

270 

310 

480 

8.089 

5.438 

5.468 

5.598 

5.737 

6.174 

1.950 

1.314 

1.409 

1.407 

1.425 

1.474 

45.0 

30.3 

32.5 

32.4 

32.9 

34.0 

81.8 

69.4 

69.4 

69.5 

69.7 

77.0 

77.7 

60.9 

60.4 

60.7 

60.3 

66.4 

70.1 

58.3 

58.1 

58.6 

58.1 

63.7 
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A.C. Figures 
 

 

 

Figure A.1. Potential energy surfaces for calculating (A) ground state reorganization 

energy (𝜆i) and (B) excited state relaxation energy (𝛾i). 
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Figure A.2. Electrochemical data (CVs) for a variety of Cu(I) bis-phen complexes. (Top) 

scan rate dependence of Cu(I) bis-phen; (Middle) scan rate dependence for Cu(I) bis-mmp; 

and (Bottom) data for Cu(I) bis-dmp. See above for more experimental details. 
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Figure A.3. Correlations between experimental and computational E°s and ln(𝜏) for bis-

phen and 2,9-alkyl substituted Cu(I) complexes. (Top left) Calculated (uncapped) E° vs. 

ln(𝜏); (Top right) Calculated (for bis-phen*, -mmp*, and dmp*) and experimental (for the 

rest of the complexes) E° vs. ln(𝜏); (Bottom left) Calculated (H–capped) E° vs. ln(𝜏); 

(Bottom right) difference between calculated and experimental reduction potentials for 

Cu(I) bis-phen complexes (data in Table 2.1). 
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Figure A.4. Structures of the Cu(II)–OH2 (A) and 3MLCT Cu(II)–OH2 (B) geometries of 

bis-phen*, -mmp*, and -dmp* and their corresponding Cu(II)–OH2 bond distances. 
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Figure A.5. Correlations between H–capped and uncapped calculated values of (top) E°, 

(middle), 𝜆i, and (bottom) 𝛾i. 
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Figure A.6. Plots for the correlations in Table 2.4: ln(𝜏) vs. 𝜆i. 
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Figure A.7. Plots for the correlations in Table 2.4: ln(𝜏) vs. 𝛾i.  
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Figure A.8. Plots for the correlations in Table 2.4: ln(𝜏) vs. energy gap. 
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Figure A.9. Ground state reorganization energy (gas phase).  



 

 

144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.10. Low temperature (77 K) emission spectra and fitting for (Top) Cu bis-dsbp 

and (Middle) Cu bis-dmp. Emission data for bis-mmp (Bottom) are especially weak and 

structured differently than the bis-dsbp and -dmp complexes. While the fitting provides an 

estimate of 𝛾i (1.13 eV) that agrees well with the calculated value (1.114 eV), the low 

signal-to-noise and different spectral structure precludes a confident determination of 𝛾i. 

See above for additional experimental details.  
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Figure A.11. NMR spectra of Cu(I) bis-mmp. 
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A p p e n d i x  B  

SUPPORTING INFORMATION FOR CHAPTER 3: MULTIREFERENCE 

GROUND AND EXCITED STATE ELECTRONIC STRUCTURES OF FREE- 

VERSUS IRON PORPHYRIN-CARBENES 

 

Adapted with permission from:  

Stroscio, G. D.; Srnec, M.*; Hadt, R. G.* Multireference Ground and Excited State 

Electronic Structures of Free- versus Iron Porphyrin-Carbenes. Inorg. Chem. 2020, 59 (13), 

8707–8715. https://doi.org/10.1021/acs.inorgchem.0c00249. 
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B.A. Additional Computational Details 

 

B.A.1. Example ORCA Input for DLPNO-MR-CCSD 

 
!uhf cc-pvtz cc-pv6z/c dlpno-ccsd(t) 

%base "S20_2" 

! moread noiter 

%moinp "S20.gbw" 

 

%scf 

end 

 

%method frozencore 

FC_NONE 

end 

 

%MaxCore 6000 

 

%scf 

Convergence VeryTight 

end 

 

 

%mdci 

inname "S20" 

mrcc on 

mrcctype mkcc 

n_docc 26 

root -1 

#USERHFINTS on 

root_overlap "1.0,-1.0" 

refs "20,02" 

STol 1e-7 

end 

 

%coords 

Ctyp xyz 

Charge 0 

Mult 1 

Units Angs 

 

The above input is given for the closed-shell singlet case. For the triplet case, refs in the 

%mdci block input was changed to “ab,ba” and the multiplicity is of course changed to 3. 

For the OSS case, refs in the %mdci block input is changed to “ab,ba” and root overlap 

was changed to “1.0,1.0”. For all three cases, a DLPNO-NEVPT2 jobs was run first 

(example input on next page) and the orbitals (.gbw files) from this job were input into the 

DLPNO-MR-CCSD.  
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B.A.2. Example ORCA Input for Initial DLPNO-NEVPT2 

 
!cc-pvtz cc-pv6z/c 

%base "S10c" 

 

%scf 

end 

 

%casscf     

nel 2 

norb 2 

mult 1 

nroots 2  

nevpt2 3  #DLPNO-NEVPT2=3, PC-NEVPT2=2, SC-NEVPT2=1 

trafostep ri   # using RI approximation 

nevpt 

d4tpre 1e-14  # for nevpt2 you'd better use accurate D4 and D3 density matrix 

d3tpre 1e-14 

end 

DoDumpForMRCC 1 

end 

 

%method frozencore 

FC_NONE 

end 

 

%MaxCore 6000 

 

%scf 

Convergence VeryTight 

end 

 

 

 

%coords 

Ctyp xyz 

Charge 0 

Mult 1 

Units Angs 
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B.A.3. Discussion of <S2> and Spin Contamination Relating to DFT BSS Results: 

For the DFT BSS calculations, the <S2> values are comparable to previously published 

studies. Another work reported an <S2> value of 0.33 for an imidazole ligated IPC.1 That 

imidazole-ligated IPC featured the same carbene studied here and has a dihedral angle near 

270° (273.7°). Likewise, a <S2> value of 0.80 was reported for a –SH ligated IPC.2 This 

model also features the CHCO2Et carbene. The values for the free carbene are also 

presented.   

 

BSS <S2> values for all three IPC models at 90°, 180°, 270°, and 350°: 

 N-MeImid. Thiolate Hydroxide 

0° 0.67 0.83 0.85 

90° 0.40 0.64 0.72 

180° 0.68 0.83 0.86 

270° 0.41 0.65 0.72 

350° 0.67 0.83 0.85 

 

 

BSS <S2> values for the free carbene datasets at 90°, 180°, 270°, and 350°: 

 B3LYP BP86 

0° 1.01 1.00 

90° 0.27 0.00 

180° 1.01 1.00 

270° 0.28 0.00 

350° 0.94 0.98 
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B.B. Tables 

 
The free carbene active space occupancies for the singlet calculation are included below. 

The Cσ orbital occupancy is ~0.5 smaller than 2 and the Cπ occupancy is ~0.5 larger than 

0; these occupancy values are indictive of a reasonable active space. For the triplet 

calculation, the occupancies for both orbitals was exactly 1; this is expected for the 2-in-2 

triplet, a single reference situation. 

 
Table B.1. Free carbene QD-NEVPT2 active space occupancies for the 2-in-2 state-

averaged calculation used to find the ground state singlet and 1st excited singlet. 
Dihedral Angle (°) Cσ (Orbital 26)  

Occupancy 

Cπ (Orbital 27)  

Occupancy 

10 1.39 0.61 

20 1.41 0.59 

30 1.43 0.57 

40 1.45 0.56 

50 1.46 0.54 

60 1.46 0.54 

70 1.47 0.53 

80 1.47 0.53 

90 1.47 0.53 

100 1.47 0.53 

110 1.47 0.53 

120 1.47 0.53 

130 1.46 0.54 

140 1.45 0.55 

150 1.43 0.57 

160 1.42 0.58 

170 1.40 0.60 
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In the below two tables, the fractional character of the dominant term from the CI-

vector from the roots in the singlet QD-NEVPT2 calculation for the free carbene is given.  

 

Table B.2. Free carbene QD-NEVPT2 CI-vector leading term for the first root in the 2-in-

2 state-averaged calculation used to find the ground state singlet and 1st excited singlet. 
Dihedral Angle (°) CFG[20] Fractional 

Character 

CFG[02] 

Fractional 

Character 

CFG[11] 

Fractional 

Character 

10 0.891 0.105 0.004 

20 0.905 0.090 0.005 

30 0.927 0.070 0.003 

40 0.944 0.055 0.001 

50 0.956 0.044 <0.001 

60 0.963 0.037 <0.001 

70 0.968 0.031 <0.001 

80 0.971 0.028 0.001 

90 0.972 0.026 0.002 

100 0.970 0.027 0.003 

110 0.967 0.029 0.004 

120 0.962 0.034 0.005 

130 0.955 0.040 0.004 

140 0.947 0.050 0.003 

150 0.934 0.065 0.001 

160 0.916 0.084 <0.001 

170 0.898 0.100 0.002 
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Table B.3. Free carbene QD-NEVPT2 CI-vector leading term for the second root in the 

2-in-2 state-averaged calculation used to find the ground state singlet and 1st excited 

singlet. N/A is used in situations where both components are too small for printing. 

 
Dihedral Angle (°) CFG[11] Fractional 

Character 

CFG[20] 

Fractional 

Character 

CFG[02] 

Fractional 

Character 

10 0.996 0.004 <0.001 

20 0.995 0.004 <0.001 

30 0.997 N/A N/A 

40 0.999 N/A N/A 

50 > 0.999 N/A N/A 

60 > 0.999 N/A N/A 

70 > 0.999 N/A N/A 

80 0.999 N/A N/A 

90 0.998 N/A N/A 

100 0.997 0.003 <0.001 

110 0.996 0.004 <0.001 

120 0.995 0.005 <0.001 

130 0.995 0.005 <0.001 

140 0.997 0.003 <0.001 

150 0.999 N/A N/A 

160 > 0.999 N/A N/A 

170 0.998 N/A N/A 
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Table B.4. QD-NEVPT2 Results Using the BSS Structure from Sharon et. al. 

 Sing. 1 Trip. 1 Trip. 2 Sing. 2 Quin. 1 Trip. 3 Trip. 4 Trip. 5 

Energy 

(kcal/mol) 

0.0 12.4 14.8 16.3 17.0 18.3 19.7 23.9 

 

Table B.5. QD-NEVPT2 Ground State Character Using the BSS Structure from Sharon et. 

al. 

 CFG 1 

(dxz)2(Cπ*)0 

Wt. 

CFG 1 

CFG 2 

(dxz)1(Cπ*)1 

Wt. 

CFG 2 

CFG 3 

(dxz)0(Cπ*)2 

Wt. 

CFG 3 

Singlet 1 222222000000 0.45 222122100000 0.29 222022200000 0.08 

 

Table B.6. Dominant Configurations in QD-NEVPT2 Excited States Using the BSS 

Structure from Sharon et. al. 

 
 CFG CFG  

Assignment 

Wt. 

Triplet 1 222221100000 (dyz)1(Cπ*)1 0.34 

Triplet 2 222221100000 (dyz)1(Cπ*)1 0.42 

Singlet 1 222221100000 (dyz)1(Cπ*)1 0.75 

Quintet 1 222211110000 (a2u)2(a1u)2(σz2)2(dxz)2 

(dxy)1(dyz)1(Cπ*)1(dx2-y2)1 

0.81 

Triplet 3 222122100000 (dyz)1(Cπ*)1 0.82 

Triplet 4 222121110000 (dxz)1(dxy)2(dyz)1 

(Cπ*)1(dx2-y2)1 

0.43 

Triplet 5 222211110000 (a2u)2(a1u)2(σz2)2(dxz)2 

(dxy)1(dyz)1(Cπ*)1(dx2-y2)1 

0.76 

 

  



 

 

157 

 

Table B.7. QD-NEVPT2 Results Using Hs Only Optimized PDB:6CUN. 

 Sing. 1 Trip. 1 Sing. 2 Trip. 2 Trip. 3 Trip. 4 Quin.1 Trip.5 

Energy 

(kcal/mol) 

0.0 19.0 20.0 22.6 23.7 29.6 33.3 34.7 

 

Table B.8. QD-NEVPT2 Ground State Character Using Hs Only Optimized PDB:6CUN. 

 CFG 1 

(dxz)2(Cπ*)0 

Wt. 

CFG 1 

CFG 2 

(dxz)1(Cπ*)1 

Wt. 

CFG 2 

CFG 3 

(dxz)0(Cπ*)2 

Wt. 

CFG 3 

Singlet 1 222222000000 0.46 222122100000 0.28 222022200000 0.05 

 

Table B.9. Dominant Configurations in QD-NEVPT2 Excited States Using Hs Only 

Optimized PDB:6CUN. 

 
 CFG CFG  

Assignment 

Wt. 

Triplet 1 222221100000 (dyz)1(Cπ*)1 0.71 

Singlet 2 222221100000 (dyz)1(Cπ*)1 0.76 

Triplet 2 222112110000 (dxz)1(dxy)1(dyz)2 

 (Cπ*)1(dx2-y2) 1 

0.39 

Triplet 3 222122100000  (dxz)1(Cπ*)1 0.69 

Triplet 4 222121110000 (a2u)2(a1u)2(σz2)2(dxz)1 

(dxy)2(dyz)1(Cπ*)1(dx2-y2)1 

0.45 

Quintet 1 222211110000 (a2u)2(a1u)2(σz2)2(dxz)2 

(dxy)1(dyz)1(Cπ*)1(dx2-y2)1 

0.79 

Triplet 5 222211110000 (a2u)2(a1u)2(σz2)2(dxz)2 

(dxy)1(dyz)1(Cπ*)1(dx2-y2)1 

0.73 
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Table B.10. [Fe(TPP)CCl2] DFT Single Point Energies. 

 BSS (kcal/mol) RKS (kcal/mol) Triplet (kcal/mol) 

BP86 0.00 0.00 34.9 

TPSSh 0.00 0.00 31.7 

B3LYP 0.00 0.28 28.9 

 

Table B.11. [Fe(TPP)CCl2] Loewdin BSS Spin Populations. 

 Fe Carbene C 

BP86 0.02 -0.01 

TPSSh 0.13 -0.10 

B3LYP 0.43 -0.32 

 

 

Table B.12. QD-NEVPT2 Results Using the [Fe(TPP)CCl2]  Model. 

 Sing. 

1 

Trip. 

1 

Quin. 

1 

Trip.  

2 

Trip. 

 3 

Sing.  

2 

Trip. 

4 

Trip. 

5 

Energy 

(kcal/mol) 

0.0 36.5 38.2 38.6 47.6 49.0 49.5 54.8 

 

Table B.13. QD-NEVPT2 Ground State Character Using the [Fe(TPP)CCl2]  Model. 

 CFG 1 

(dxz)2(Cπ*)0 

Wt. 

CFG 1 

CFG 2 

(dxz)1(Cπ*)1 

Wt. 

CFG 2 

CFG 3 

(dxz)0(Cπ*)2 

Wt. 

CFG 3 

Singlet 1 222222000000 0.64 222122100000 0.05 222022200000 0.14 
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Table B.14. Dominant Configurations in QD-NEVPT2 Excited States Using the 

[Fe(TPP)CCl2]  Model. 
 CFG CFG  

Assignment 

Wt. 

Triplet 1 222212010000 (dxy)1(dx2-y2)1 0.50 

Quintet 1 222211011000 (dxy)1 (dyz)1(Cπ*)0(dx2-y2) 1(σ*)1 0.53 

Triplet 2 222221001000  (dyz)1(σ*)1 0.53 

Triplet 3 222221100000 (dyz)1(Cπ*)1 0.57 

Singlet 2 222221100000  (dyz)1(Cπ*)1 0.62 

Triplet 4 222221010000 (dyz)1(dx2-y2)1 0.42 

Triplet 5 222212001000  (dxz)1(σ*)1 0.37 

 

 

Table B.15. Examples of Changes in Weight of Configuration Upon Addition of Roots. 

Example is Thiolate at 180°.  The (dyz)
1(Cπ*)1 configuration was too small to print (e.g. 

0.003). 
Number of 

Roots 

Weight of Closed-

Shell CFG 

Weight of 

(dxz)1(Cπ*)1 CFG 

Weight (dxz)0(Cπ*)2 

CFG 

2 singlets, 2 triplets 0.71 0.01 0.10 

2 singlets, 5 triplets 0.59 0.15 0.10 

20 singlets, 5 triplets 0.59 0.14 0.10 

2 singlets, 5 triplets, 1 

quintet 

0.55 0.19 0.08 
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Table B.16. IPC Models: QD-NEVPT2 energy relative to the minimum (90° for 

MeImid.; 100° for Thiolate) at select angles. (Using the 2 singlet, 5 triplet calculation for 

hydroxide.) 

 
0° Dihedral Angle: 

 Singlet 1 

(kcal/mol) 

Triplet 1 

(kcal/mol) 

Triplet 2 

(kcal/mol) 

Triplet 3 

(kcal/mol) 

Singlet 2 

(kcal/mol) 

Triplet 4 

(kcal/mol) 

Hydroxide 1.2 15.3 19.0 22.2 25.5 25.6 

Thiolate 2.4 18.1 26.0 23.3 26.6 30.0 

N-MeImid 2.3 20.5 28.6 26.9 30.2 36.1 

90° Dihedral Angle: 

 Singlet 1 

(kcal/mol) 

Triplet 1 

(kcal/mol) 

Triplet 2 

(kcal/mol) 

Triplet 3 

(kcal/mol) 

Singlet 2 

(kcal/mol) 

Triplet 4 

(kcal/mol) 

Hydroxide 0.0 14.9 18.7 28.7 31.9 30.6 

Thiolate 0.0 16.7 24.3 29.0 32.1 34.2 

N-MeImid 0.0 18.7 26.4 31.7 34.8 39.5 

180° Dihedral Angle: 

 Singlet 1 

(kcal/mol) 

Triplet 1 

(kcal/mol) 

Triplet 2 

(kcal/mol) 

Triplet 3 

(kcal/mol) 

Singlet 2 

 (kcal/mol) 

Triplet 4 

(kcal/mol) 

Hydroxide 4.8 19.0 22.7 25.3 28.9 28.9 

Thiolate 5.9 21.7 29.8 26.3 29.7 33.0 

N-MeImid 4.6 22.9 31.1 28.8 32.2 38.4 
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Table B.17. QD-NEVPT2 Loewdin orbital compositions helpful for assigning orbitals in 

the N-MeImid IPC model. 

 
Dihedral 

Angle 

% Fe of dxz 

(171) 

% Carbene 

Character dxz 

(171) 

174 Fe % of 

Cπ* (174) 

% Carbene 

Character Cπ* 

(174) 

0 78.0 16.6 20.9 62.5 

10 78.2 16.4 20.8 62.9 

20 78.7 16.2 20.4 63.8 

30 79.2 15.9 19.9 65.3 

40 79.6 15.6 19.6 66.7 

50 80.0 15.4 19.5 67.6 

60 80.1 15.4 19.1 67.6 

70 80.2 15.3 19.1 69.0 

80 80.2 15.4 18.8 69.5 

90 80.1 15.4 18.9 69.4 

100 80.0 15.5 18.9 69.2 

110 79.8 15.7 17.4 68.6 

120 79.5 15.7 17.4 67.9 

130 79.3 16.0 18.5 66.8 

140 79.0 16.1 18.4 65.8 

150 78.6 16.3 18.9 64.3 

160 78.0 16.7 21.0 62.9 

170 77.7 16.8 21.3 62.0 

180 77.4 16.9 21.3 61.6 
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Table B.18. N-MeImid. Lowest Energy Singlet State CI-vector. 

Dihedral 

Angle 

CFG 1 

(dxz)2(Cπ*)0 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(Cπ*)1 

Wt. 

CFG 

2 

CFG 3 

(dxz)0(Cπ*)2 

Wt. 

CFG 

3 

0 222222000000 0.58 222122100000 0.17 222022200000 0.06 

10 222222000000 0.58 222122100000 0.17 222022200000 0.06 

20 222222000000 0.58 222122100000 0.17 222022200000 0.06 

30 222222000000 0.58 222122100000 0.17 222022200000 0.06 

40 222222000000 0.58 222122100000 0.17 222022200000 0.06 

50 222222000000 0.59 222122100000 0.16 222022200000 0.06 

60 222222000000 0.59 222122100000 0.16 222022200000 0.06 

70 222222000000 0.60 222122100000 0.16 222022200000 0.05 

80 222222000000 0.60 222122100000 0.16 222022200000 0.06 

90 222222000000 0.60 222122100000 0.16 222022200000 0.06 

100 222222000000 0.59 222122100000 0.16 222022200000 0.06 

110 222222000000 0.59 222122100000 0.16 222022200000 0.06 

120 222222000000 0.59 222122100000 0.17 222022200000 0.06 

130 222222000000 0.59 222122100000 0.17 222022200000 0.06 

140 222222000000 0.59 222122100000 0.17 222022200000 0.06 

150 222222000000 0.58 222122100000 0.17 222022200000 0.06 

160 222222000000 0.58 222122100000 0.17 222022200000 0.06 

170 222222000000 0.58 222122100000 0.17 222022200000 0.06 

180 222222000000 0.58 222122100000 0.17 222022200000 0.06 
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Table B.19. N-MeImid. Triplet 1 CI-vector. Approaching 90°, CFG 3 becomes slightly 

less heavily weighted than some more complicated configurations. 

 
Dihedral 

Angle 

CFG 1 

(dxy)1(dx2-y2) 1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dxy)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG 3 

(dyz)1 (Cπ*)1 

Wt. 

CFG 

3 

0 222212010000 0.42 222112110000 0.24 222221100000 0.08 

10 222212010000 0.42 222112110000 0.25 222221100000 0.07 

20 222212010000 0.43 222112110000 0.25 222221100000 0.06 

30 222212010000 0.44 222112110000 0.26 222221100000 0.04 

40 222212010000 0.45 222112110000 0.26 222221100000 0.03 

50 222212010000 0.45 222112110000 0.26 222221100000 0.03 

60 222212010000 0.46 222112110000 0.26 222221100000 0.02 

70 222212010000 0.47 222112110000 0.26 222221100000 0.02 

80 222212010000 0.48 222112110000 0.26 222221100000 0.02 

90 222212010000 0.48 222112110000 0.26 222221100000 0.02 

100 222212010000 0.48 222112110000 0.26 222221100000 0.02 

110 222212010000 0.47 222112110000 0.26 222221100000 0.02 

120 222212010000 0.47 222112110000 0.26 222221100000 0.02 

130 222212010000 0.46 222112110000 0.26 222221100000 0.03 

140 222212010000 0.45 222112110000 0.26 222221100000 0.04 

150 222212010000 0.44 222112110000 0.25 222221100000 0.05 

160 222212010000 0.43 222112110000 0.25 222221100000 0.07 

170 222212010000 0.42 222112110000 0.24 222221100000 0.09 

180 222212010000 0.41 222112110000 0.23 222221100000 0.10 

 

  



 

 

164 

Table B.20. N-MeImid. Triplet 2 state CI-vector. 

Dihedral 

Angle 

CFG 1 

(dyz)1(dx2-y2)1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dyz)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG for 

(dyz)1(Cπ*)1 

Wt. 

CFG 

0 222221010000 0.44 222121110000 0.29 222221100000 0.01 

10 222221010000 0.44 222121110000 0.28 222221100000 0.02 

20 222221010000 0.35 222121110000 0.22 222221100000 0.18 

30 222221010000 0.38 222121110000 0.26 222221100000 0.10 

40 222221010000 0.43 222121110000 0.29 222221100000 0.03 

50 222221010000 0.45 222121110000 0.29 222221100000 0.01 

60 222221010000 0.46 222121110000 0.30 222221100000 0.00 

70 222221010000 0.46 222121110000 0.29 222221100000 0.00 

80 222221010000 0.47 222121110000 0.30 222221100000 0.00 

90 222221010000 0.47 222121110000 0.30 222221100000 0.00 

100 222221010000 0.47 222121110000 0.30 222221100000 0.00 

110 222221010000 0.47 222121110000 0.30 222221100000 0.00 

120 222221010000 0.47 222121110000 0.30 222221100000 0.00 

130 222221010000 0.45 222121110000 0.29 222221100000 0.01 

140 222221010000 0.42 222121110000 0.28 222221100000 0.04 

150 222221010000 0.27 222121110000 0.19 222221100000 0.27 

160 222221010000 0.43 222121110000 0.27 222221100000 0.04 

170 222221010000 0.44 222121110000 0.28 222221100000 0.01 

180 222221010000 0.44 222121110000 0.28 222221100000 0.00 
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Table B.21. N-MeImid. Triplet 3 state CI-vector. 

Dihedral 

Angle 

CFG 1 

(dyz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dxy)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG for 

(dyz)1(dx2-y2)1 

Wt. 

CFG 

0 222221100000 0.68 222112110000 0.07 222221010000 0.01 

10 222221100000 0.68 222112110000 0.06 222221010000 0.01 

20 222221100000 0.52 222112110000 0.05 222221010000 0.10 

30 222221100000 0.63 222112110000 0.03 222221010000 0.08 

40 222221100000 0.72 222112110000 0.04 222221010000 0.02 

50 222221100000 0.74 222112110000 0.04 222221010000 0.01 

60 222221100000 0.75 222112110000 0.04 222221010000 0.00 

70 222221100000 0.76 222112110000 0.03 222221010000 0.00 

80 222221100000 0.76 222112110000 0.04 222221010000 0.01 

90 222221100000 0.76 222112110000 0.04 222221010000 0.01 

100 222221100000 0.76 222112110000 0.04 222221010000 0.01 

110 222221100000 0.76 222112110000 0.04 222221010000 0.01 

120 222221100000 0.75 222112110000 0.04 222221010000 0.00 

130 222221100000 0.74 222112110000 0.04 222221010000 0.01 

140 222221100000 0.70 222112110000 0.03 222221010000 0.04 

150 222221100000 0.44 222112110000 0.02 222221010000 0.20 

160 222221100000 0.66 222112110000 0.06 222221010000 0.02 

170 222221100000 0.68 222112110000 0.07 222221010000 0.00 

180 222221100000 0.67 222112110000 0.07 222221010000 0.00 
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Table B.22. N-MeImid 1st Excited Singlet State CI-vector. 

Dihedral 

Angle 

CFG 1 

(dyz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxy)1(dx2-y2)1 

Wt. 

CFG 

2 

CFG 3 

(dxz)1(dyz)1(Cπ*)2 

Wt. 

CFG  

3 

0 222221100000 0.71 222212010000 0.05 222121200000 0.05 

10 222221100000 0.71 222212010000 0.05 222121200000 0.05 

20 222221100000 0.71 222212010000 0.05 222121200000 0.05 

30 222221100000 0.70 222212010000 0.06 222121200000 0.05 

40 222221100000 0.69 222212010000 0.06 222121200000 0.05 

50 222221100000 0.68 222212010000 0.07 222121200000 0.05 

60 222221100000 0.67 222212010000 0.08 222121200000 0.04 

70 222221100000 0.66 222212010000 0.09 222121200000 0.04 

80 222221100000 0.66 222212010000 0.09 222121200000 0.04 

90 222221100000 0.66 222212010000 0.09 222121200000 0.04 

100 222221100000 0.66 222212010000 0.09 222121200000 0.04 

110 222221100000 0.66 222212010000 0.08 222121200000 0.05 

120 222221100000 0.67 222212010000 0.08 222121200000 0.05 

130 222221100000 0.68 222212010000 0.07 222121200000 0.05 

140 222221100000 0.69 222212010000 0.06 222121200000 0.05 

150 222221100000 0.69 222212010000 0.05 222121200000 0.05 

160 222221100000 0.71 222212010000 0.05 222121200000 0.05 

170 222221100000 0.71 222212010000 0.05 222121200000 0.05 

180 222221100000 0.71 222212010000 0.04 222121200000 0.05 
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Table B.23. N-MeImid. Quintet: (a2u)
2(a1u)

2(σz2)
2(dxz)

2(dxy)
1(dyz)

1(Cπ*)1(dx2-y2)
1 

Dihedral Angle CFG 1 Wt. CFG 1 

0 222211110000 0.80 

10 222211110000 0.80 

20 222211110000 0.80 

30 222211110000 0.80 

40 222211110000 0.80 

50 222211110000 0.80 

60 222211110000 0.80 

70 222211110000 0.80 

80 222211110000 0.80 

90 222211110000 0.81 

100 222211110000 0.81 

110 222211110000 0.81 

120 222211110000 0.81 

130 222211110000 0.81 

140 222211110000 0.80 

150 222211110000 0.80 

160 222211110000 0.80 

170 222211110000 0.80 

180 222211110000 0.80 
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Table B.24. N-MeImid. Fourth Triplet.  

CFG 3 is (a2u)
2(a1u)

2(σz2)
2(dxz)

2(dxy)
1(dyz)

1(Cπ*)1(dx2-y2)
1 

 
Dihedral 

Angle 

CFG 1 

(dxz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxy)1 (Cπ*)1 

Wt. 

CFG 

2 

CFG 3 Wt. 

CFG  

3 

0 222122100000 0.69 222212100000 0.11 222211110000 0.03 

10 222122100000 0.63 222212100000 0.16 222211110000 0.03 

20 222122100000 0.63 222212100000 0.16 222211110000 0.03 

30 222122100000 0.63 222212100000 0.16 222211110000 0.03 

40 222122100000 0.63 222212100000 0.16 222211110000 0.03 

50 222122100000 0.63 222212100000 0.17 222211110000 0.03 

60 222122100000 0.71 222212100000 0.09 222211110000 0.03 

70 222122100000 0.69 222212100000 0.10 222211110000 0.03 

80 222122100000 0.77 222212100000 0.03 222211110000 0.03 

90 222122100000 0.79 222212100000 0.01 222211110000 0.03 

100 222122100000 0.80 222212100000 0.00 222211110000 0.03 

110 222122100000 0.80 222212100000 0.01 222211110000 0.03 

120 222122100000 0.77 222212100000 0.03 222211110000 0.03 

130 222122100000 0.73 222212100000 0.07 222211110000 0.03 

140 222122100000 0.63 222212100000 0.03 222211110000 0.03 

150 222122100000 0.58 222212100000 0.20 222211110000 0.03 

160 222122100000 0.50 222212100000 0.27 222211110000 0.02 

170 222122100000 0.41 222212100000 0.35 222211110000 0.02 

180 222122100000 0.37 222212100000 0.39 222211110000 0.02 
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Table B.25. N-MeImid Fifth Triplet: (a2u)
2(a1u)

2(σz2)
2(dxz)

2(dxy)
1(dyz)

1(Cπ*)1(dx2-y2)
1 

Dihedral Angle CFG 1 Wt. CFG 1 

0 222211110000 0.74 

10 222211110000 0.74 

20 222211110000 0.74 

30 222211110000 0.74 

40 222211110000 0.74 

50 222211110000 0.74 

60 222211110000 0.75 

70 222211110000 0.74 

80 222211110000 0.75 

90 222211110000 0.75 

100 222211110000 0.75 

110 222211110000 0.75 

120 222211110000 0.75 

130 222211110000 0.75 

140 222211110000 0.74 

150 222211110000 0.74 

160 222211110000 0.74 

170 222211110000 0.74 

180 222211110000 0.74 
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Table B.26. QD-NEVPT2 Loewdin orbital compositions helpful for assigning orbitals 

in the thiolate IPC model. 

 
Dihedral 

Angle 

% Fe of dxz 

(162) 

% Carbene 

Character dxz 

(162) 

 Fe % of Cπ* 

(165) 

% Carbene 

Character Cπ* 

(165) 

0 77.5 17.0 21.0 61.1 

10 77.8 16.5 20.8 61.4 

20 77.9 16.5 20.9 61.0 

30 79.0 16.0 19.7 64.2 

40 79.4 15.8 19.5 65.9 

50 79.7 15.6 19.2 67.2 

60 79.8 15.5 18.9 68.2 

70 79.8 15.6 19.4 68.5 

80 80.0 15.5 19.0 69.1 

90 79.9 15.7 19.0 69.0 

100 79.8 15.6 19.0 68.8 

110 79.6 15.7 19.2 68.3 

120 79.4 15.8 19.4 67.3 

130 79.2 15.9 19.7 66.6 

140 78.6 16.3 20.1 64.8 

150 78.0 16.6 20.7 63.1 

160 77.3 16.9 21.4 61.1 

170 76.8 17.2 21.8 60.0 

180 76.6 17.3 21.7 59.6 
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Table B.27. Thiolate Lowest Energy Singlet State CI-vector. 

Dihedral 

Angle 

CFG 1 

(dxz)2(Cπ*)0 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(Cπ*)1 

Wt. 

CFG 

2 

CFG 3 

(dxz)0(Cπ*)2 

Wt. 

CFG 

3 

0 222222000000 0.55 222122100000 0.20 222022200000 0.08 

10 222222000000 0.55 222122100000 0.20 222022200000 0.08 

20 222222000000 0.55 222122100000 0.19 222022200000 0.08 

30 222222000000 0.55 222122100000 0.20 222022200000 0.07 

40 222222000000 0.56 222122100000 0.20 222022200000 0.07 

50 222222000000 0.56 222122100000 0.20 222022200000 0.07 

60 222222000000 0.56 222122100000 0.19 222022200000 0.07 

70 222222000000 0.57 222122100000 0.19 222022200000 0.06 

80 222222000000 0.57 222122100000 0.19 222022200000 0.06 

90 222222000000 0.57 222122100000 0.19 222022200000 0.07 

100 222222000000 0.57 222122100000 0.19 222022200000 0.07 

110 222222000000 0.57 222122100000 0.19 222022200000 0.07 

120 222222000000 0.56 222122100000 0.19 222022200000 0.07 

130 222222000000 0.56 222122100000 0.19 222022200000 0.07 

140 222222000000 0.56 222122100000 0.19 222022200000 0.07 

150 222222000000 0.56 222122100000 0.19 222022200000 0.07 

160 222222000000 0.55 222122100000 0.19 222022200000 0.08 

170 222222000000 0.55 222122100000 0.19 222022200000 0.08 

180 222222000000 0.55 222122100000 0.19 222022200000 0.08 
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Table B.28. Thiolate Triplet 1 CI-vector. 

Dihedral 

Angle 

CFG 1 

(dxy)1(dx2-y2) 1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dxy)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG 3 

(dyz)1 (Cπ*)1 

Wt. 

CFG 

3 

0 222212010000 0.39 222112110000 0.27 222221100000 0.10 

10 222212010000 0.39 222112110000 0.27 222221100000 0.09 

20 222212010000 0.40 222112110000 0.27 222221100000 0.08 

30 222212010000 0.41 222112110000 0.29 222221100000 0.05 

40 222212010000 0.42 222112110000 0.29 222221100000 0.03 

50 222212010000 0.43 222112110000 0.30 222221100000 0.03 

60 222212010000 0.44 222112110000 0.30 222221100000 0.02 

70 222212010000 0.44 222112110000 0.29 222221100000 0.02 

80 222212010000 0.45 222112110000 0.29 222221100000 0.02 

90 222212010000 0.45 222112110000 0.29 222221100000 0.02 

100 222212010000 0.45 222112110000 0.29 222221100000 0.02 

110 222212010000 0.45 222112110000 0.30 222221100000 0.02 

120 222212010000 0.44 222112110000 0.29 222221100000 0.03 

130 222212010000 0.43 222112110000 0.29 222221100000 0.03 

140 222212010000 0.43 222112110000 0.29 222221100000 0.04 

150 222212010000 0.41 222112110000 0.28 222221100000 0.06 

160 222212010000 0.40 222112110000 0.27 222221100000 0.09 

170 222212010000 0.39 222112110000 0.25 222221100000 0.12 

180 222212010000 0.38 222112110000 0.25 222221100000 0.13 
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Table B.29. Thiolate Triplet 2 CI-vector. 

Dihedra

l Angle 

CFG 1 

(dyz)1(dx2-y2)1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dyz)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG for 

(dyz)1(Cπ*)1 

Wt. 

CFG 

0 222221010000 0.42 222121110000 0.33 222221100000 0.00 

10 222221010000 0.42 222121110000 0.33 222221100000 0.00 

20 222221010000 0.42 222121110000 0.33 222221100000 0.01 

30 222221010000 0.31 222121110000 0.24 222221100000 0.21 

40 222221010000 0.40 222121110000 0.32 222221100000 0.03 

50 222221010000 0.42 222121110000 0.33 222221100000 0.01 

60 222221010000 0.43 222121110000 0.33 222221100000 0.00 

70 222221010000 0.44 222121110000 0.32 222221100000 0.00 

80 222221010000 0.44 222121110000 0.33 222221100000 0.00 

90 222221010000 0.44 222121110000 0.33 222221100000 0.00 

100 222221010000 0.44 222121110000 0.33 222221100000 0.00 

110 222221010000 0.44 222121110000 0.33 222221100000 0.00 

120 222221010000 0.43 222121110000 0.33 222221100000 0.00 

130 222221010000 0.42 222121110000 0.32 222221100000 0.02 

140 222221010000 0.34 222121110000 0.27 222221100000 0.14 

150 222221010000 0.40 222121110000 0.39 222221100000 0.07 

160 222221010000 0.42 222121110000 0.32 222221100000 0.01 

170 222221010000 0.43 222121110000 0.33 222221100000 0.00 

180 222221010000 0.43 222121110000 0.33 222221100000 0.00 
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Table B.30. Thiolate Triplet 3 CI-vector. 

Dihedral 

Angle 

CFG 1 

(dyz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dxy)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG for 

(dyz)1(dx2-y2)1 

Wt. 

CFG 

0 222221100000 0.68 222112110000 0.08 222221010000 0.00 

10 222221100000 0.69 222112110000 0.08 222221010000 0.01 

20 222221100000 0.70 222112110000 0.07 222221010000 0.00 

30 222221100000 0.50 222112110000 0.05 222221010000 0.11 

40 222221100000 0.72 222112110000 0.04 222221010000 0.03 

50 222221100000 0.75 222112110000 0.04 222221010000 0.01 

60 222221100000 0.76 222112110000 0.04 222221010000 0.00 

70 222221100000 0.76 222112110000 0.04 222221010000 0.00 

80 222221100000 0.78 222112110000 0.04 222221010000 0.00 

90 222221100000 0.77 222112110000 0.04 222221010000 0.00 

100 222221100000 0.78 222112110000 0.04 222221010000 0.00 

110 222221100000 0.76 222112110000 0.04 222221010000 0.00 

120 222221100000 0.76 222112110000 0.04 222221010000 0.00 

130 222221100000 0.73 222112110000 0.04 222221010000 0.02 

140 222221100000 0.60 222112110000 0.03 222221010000 0.10 

150 222221100000 0.65 222112110000 0.06 222221010000 0.04 

160 222221100000 0.68 222112110000 0.08 222221010000 0.00 

170 222221100000 0.65 222112110000 0.09 222221010000 0.00 

180 222221100000 0.64 222112110000 0.10 222221010000 0.00 
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Table B.31. Thiolate 1st Excited Singlet State CI-vector. 

Dihedral 

Angle 

CFG 1 

(dyz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxy)1(dx2-y2)1 

Wt. 

CFG 

2 

CFG 3 

(dxz)1(dyz)1(Cπ*)2 

Wt. 

CFG  

3 

0 222221100000 0.72 222212010000 0.04 222121200000 0.06 

10 222221100000 0.72 222212010000 0.04 222121200000 0.06 

20 222221100000 0.72 222212010000 0.04 222121200000 0.06 

30 222221100000 0.72 222212010000 0.04 222121200000 0.05 

40 222221100000 0.71 222212010000 0.05 222121200000 0.05 

50 222221100000 0.70 222212010000 0.06 222121200000 0.05 

60 222221100000 0.69 222212010000 0.06 222121200000 0.05 

70 222221100000 0.68 222212010000 0.07 222121200000 0.05 

80 222221100000 0.68 222212010000 0.07 222121200000 0.05 

90 222221100000 0.68 222212010000 0.08 222121200000 0.05 

100 222221100000 0.68 222212010000 0.07 222121200000 0.05 

110 222221100000 0.69 222212010000 0.07 222121200000 0.05 

120 222221100000 0.69 222212010000 0.06 222121200000 0.05 

130 222221100000 0.70 222212010000 0.06 222121200000 0.05 

140 222221100000 0.71 222212010000 0.05 222121200000 0.05 

150 222221100000 0.71 222212010000 0.04 222121200000 0.05 

160 222221100000 0.72 222212010000 0.04 222121200000 0.06 

170 222221100000 0.72 222212010000 0.04 222121200000 0.06 

180 222221100000 0.72 222212010000 0.04 222121200000 0.06 
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Table B.32. Thiolate Quintet: (a2u)
2(a1u)

2(σz2)
2(dxz)

2(dxy)
1(dyz)

1(Cπ*)1(dx2-y2)
1 

Dihedral Angle CFG 1 Wt. CFG 1 

0 222211110000 0.82 

10 222211110000 0.82 

20 222211110000 0.81 

30 222211110000 0.82 

40 222211110000 0.82 

50 222211110000 0.82 

60 222211110000 0.82 

70 222211110000 0.81 

80 222211110000 0.82 

90 222211110000 0.82 

100 222211110000 0.82 

110 222211110000 0.82 

120 222211110000 0.82 

130 222211110000 0.82 

140 222211110000 0.82 

150 222211110000 0.82 

160 222211110000 0.81 

170 222211110000 0.81 

180 222211110000 0.82 
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Table B.33. Thiolate Triplet 4: CFG 3 is (a2u)
2(a1u)

2(σz2)
2(dxz)

2(dxy)
1(dyz)

1(Cπ*)1(dx2-y2)
1 

Dihedral 

Angle 

CFG 1 

(dxz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxy)1 (Cπ*)1 

Wt. 

CFG 

2 

CFG 3 

 

Wt. 

CFG  

3 

0 222122100000 0.82 222212100000 0.00 222211110000 0.03 

10 222122100000 0.80 222212100000 0.02 222211110000 0.03 

20 222122100000 0.79 222212100000 0.03 222211110000 0.03 

30 222122100000 0.78 222212100000 0.04 222211110000 0.03 

40 222122100000 0.76 222212100000 0.03 222211110000 0.03 

50 222122100000 0.78 222212100000 0.04 222211110000 0.03 

60 222122100000 0.80 222212100000 0.01 222211110000 0.03 

70 222122100000 0.76 222212100000 0.05 222211110000 0.03 

80 222122100000 0.81 222212100000 0.00 222211110000 0.03 

90 222122100000 0.82 222212100000 0.00 222211110000 0.03 

100 222122100000 0.82 222212100000 0.00 222211110000 0.03 

110 222122100000 0.82 222212100000 0.00 222211110000 0.03 

120 222122100000 0.82 222212100000 0.00 222211110000 0.03 

130 222122100000 0.75 222212100000 0.07 222211110000 0.03 

140 222122100000 0.80 222212100000 0.02 222211110000 0.03 

150 222122100000 0.78 222212100000 0.04 222211110000 0.03 

160 222122100000 0.78 222212100000 0.03 222211110000 0.03 

170 222122100000 0.80 222212100000 0.02 222211110000 0.03 

180 222122100000 0.82 222212100000 0.00 222211110000 0.03 
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Table B.34. Thiolate Triplet 5: (a2u)
2(a1u)

2(σz2)
2(dxz)

2(dxy)
1(dyz)

1(Cπ*)1(dx2-y2)
1 

Dihedral Angle CFG 1 Wt. CFG 1 

0 222211110000 0.76 

10 222211110000 0.76 

20 222211110000 0.75 

30 222211110000 0.76 

40 222211110000 0.76 

50 222211110000 0.76 

60 222211110000 0.76 

70 222211110000 0.76 

80 222211110000 0.76 

90 222211110000 0.77 

100 222211110000 0.77 

110 222211110000 0.77 

120 222211110000 0.77 

130 222211110000 0.76 

140 222211110000 0.76 

150 222211110000 0.76 

160 222211110000 0.76 

170 222211110000 0.75 

180 222211110000 0.76 
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Table B.35. QD-NEVPT2 Loewdin Orbital Compositions Helpful for Assigning Orbitals 

in the Hydroxide IPC Model. State-Averaged Calculation: Two Singlets, Five Triplets. 

 
Dihedral 

Angle 

% Fe of dxz 

(155) 

% Carbene 

Character dxz 

(155) 

 Fe % of Cπ* 

(157) 

% Carbene 

Character Cπ* 

(157) 

0 75.0 18.4 23.1 58.9 

10 75.0 18.4 23.0 59.1 

20 75.0 18.4 23.1 59.5 

30 75.1 18.7 23.2 60.7 

40 75.0 19.1 23.2 61.4 

50 75.0 19.4 23.4 62.3 

60 68.7 19.4 23.5 63.7 

70 75.0 19.6 23.5 62.6 

80 74.8 19.8 23.8 64.8 

90 74.6 19.9 23.7 64.9 

100 74.7 19.8 23.7 64.7 

110 74.7 19.7 23.6 64.2 

120 74.8 19.6 23.7 63.7 

130 74.8 19.3 23.7 62.7 

140 74.8 19.2 23.5 61.6 

150 74.7 18.9 23.4 60.4 

160 74.6 18.7 23.4 59.3 

170 74.5 18.6 23.5 58.3 

180 74.5 18.6 23.5 58.0 
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Table B.36. Hydroxide Lowest Energy Singlet State CI-Vector. State-Averaged 

Calculation: Two Singlets, Five Triplets. 

 
Dihedral 

Angle 

CFG 1 

(dxz)2(Cπ*)0 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(Cπ*)1 

Wt. 

CFG 

2 

CFG 3 

(dxz)0(Cπ*)2 

Wt. 

CFG 

3 

0 222222000000 0.56 222212100000 0.18 222202200000 0.11 

10 222222000000 0.56 222212100000 0.18 222202200000 0.11 

20 222222000000 0.57 222212100000 0.17 222202200000 0.10 

30 222222000000 0.58 222212100000 0.17 222202200000 0.10 

40 222222000000 0.58 222212100000 0.16 222202200000 0.10 

50 222222000000 0.59 222212100000 0.15 222202200000 0.10 

60 222222000000 0.60 222212100000 0.14 222202200000 0.10 

70 222222000000 0.61 222212100000 0.14 222202200000 0.10 

80 222222000000 0.61 222212100000 0.13 222202200000 0.10 

90 222222000000 0.61 222212100000 0.13 222202200000 0.10 

100 222222000000 0.61 222212100000 0.14 222202200000 0.10 

110 222222000000 0.60 222212100000 0.14 222202200000 0.10 

120 222222000000 0.60 222212100000 0.14 222202200000 0.10 

130 222222000000 0.59 222212100000 0.15 222202200000 0.10 

140 222222000000 0.58 222212100000 0.16 222202200000 0.10 

150 222222000000 0.58 222212100000 0.16 222202200000 0.10 

160 222222000000 0.57 222212100000 0.17 222202200000 0.10 

170 222222000000 0.56 222212100000 0.18 222202200000 0.11 

180 222222000000 0.56 222212100000 0.18 222202200000 0.11 
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Table B.37. Hydroxide Lowest Energy Singlet State CI-Vector. State-Averaged 

Calculation: Two Singlets, Five Triplets, 1 Quintet. Yellow marks state-averaged 

calculations with Lower Quintet; these especially agree well with the 2 singlet, 5 triplet 

calculation results. 

 
Dihedral 

Angle 

CFG 1 

(dxz)2(Cπ*)0 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(Cπ*)1 

Wt. 

CFG 

2 

CFG 3 

(dxz)0(Cπ*)2 

Wt. 

CFG 

3 

0 222222000000 0.54 222122100000 0.21 222022200000 0.09 

10 222222000000 0.61 222212100000 0.07 222202200000 0.07 

20 222222000000 0.61 222122100000 0.08 222022200000 0.10 

30 222222000000 0.62 222122100000 0.09 222022200000 0.13 

40 222222000000 0.53 222122100000 0.22 222022200000 0.08 

50 222222000000 0.53 222122100000 0.23 222022200000 0.08 

60 222222000000 0.54 222122100000 0.22 222022200000 0.08 

70 222222000000 0.64 222122100000 0.07 222022200000 0.12 

80 222222000000 0.54 222122100000 0.22 222022200000 0.07 

90 222222000000 0.55 222122100000 0.22 222022200000 0.08 

100 222222000000 0.64 222122100000 0.07 222022200000 0.13 

110 222222000000 0.64 222122100000 0.08 222022200000 0.13 

120 222222000000 0.64 222122100000 0.08 222022200000 0.13 

130 222222000000 0.63 222122100000 0.08 222022200000 0.13 

140 222222000000 0.63 222122100000 0.08 222022200000 0.12 

150 222222000000 0.62 222122100000 0.08 222022200000 0.11 

160 222222000000 0.61 222122100000 0.07 222022200000 0.07 

170 222222000000 0.61 222212100000 0.07 222202200000 0.07 

180 222222000000 0.55 222122100000 0.20 222022200000 0.10 
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Table B.38. Hydroxide Triplet 1 State CI-Vector. State-Averaged Calculation: Two 

Singlets, Five Triplets. 

 
Dihedral 

Angle 

CFG 1 

(dxy)1(dx2-y2) 1 

Wt. 

CFG 

1 

CFG 2 

(dxy)1(dxz)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG 3 

(dxy)1(dxz)0 

(dyz)2 

(Cπ*)2(dx2-y2) 1 

Wt. 

CFG 

3 

0 222122010000 0.42 222112110000 0.29 222102210000 0.09 

10 222122010000 0.42 222112110000 0.29 222102210000 0.09 

20 222122010000 0.43 222112110000 0.29 222102210000 0.09 

30 222122010000 0.44 222112110000 0.28 222102210000 0.09 

40 222122010000 0.45 222112110000 0.28 222102210000 0.09 

50 222122010000 0.47 222112110000 0.27 222102210000 0.09 

60 222122010000 0.48 222112110000 0.27 222102210000 0.09 

70 222122010000 0.48 222112110000 0.26 222102210000 0.09 

80 222122010000 0.49 222112110000 0.26 222102210000 0.09 

90 222122010000 0.49 222112110000 0.26 222102210000 0.09 

100 222122010000 0.49 222112110000 0.26 222102210000 0.09 

110 222122010000 0.48 222112110000 0.27 222102210000 0.09 

120 222122010000 0.48 222112110000 0.27 222102210000 0.09 

130 222122010000 0.47 222112110000 0.27 222102210000 0.09 

140 222122010000 0.45 222112110000 0.28 222102210000 0.09 

150 222122010000 0.44 222112110000 0.28 222102210000 0.09 

160 222122010000 0.43 222112110000 0.28 222102210000 0.09 

170 222122010000 0.42 222112110000 0.28 222102210000 0.09 

180 222122010000 0.42 222112110000 0.28 222102210000 0.09 
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Table B.39. Hydroxide Triplet 2 State CI-Vector. State-Averaged Calculation: Two 

Singlets, Five Triplets. 

 
Dihedral 

Angle 

CFG 1 

(dyz)1(dx2-y2)1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dyz)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 

2 

CFG for 

(dyz)1(Cπ*)1 

Wt. 

CFG 

0 222221010000 0.42 222211110000 0.32 222221100000 0.01 

10 222221010000 0.42 222211110000 0.32 222221100000 0.01 

20 222221010000 0.43 222211110000 0.32 222221100000 0.01 

30 222221010000 0.44 222211110000 0.32 222221100000 0.00 

40 222221010000 0.45 222211110000 0.31 222221100000 0.00 

50 222221010000 0.46 222211110000 0.30 222221100000 0.00 

60 222221010000 0.47 222211110000 0.30 222221100000 0.00 

70 222221010000 0.47 222211110000 0.29 222221100000 0.00 

80 222221010000 0.48 222211110000 0.29 222221100000 0.00 

90 222221010000 0.48 222211110000 0.29 222221100000 0.00 

100 222221010000 0.48 222211110000 0.29 222221100000 0.00 

110 222221010000 0.47 222211110000 0.29 222221100000 0.00 

120 222221010000 0.47 222211110000 0.30 222221100000 0.00 

130 222221010000 0.46 222211110000 0.30 222221100000 0.00 

140 222221010000 0.45 222211110000 0.31 222221100000 0.01 

150 222221010000 0.43 222211110000 0.31 222221100000 0.01 

160 222221010000 0.42 222211110000 0.32 222221100000 0.01 

170 222221010000 0.42 222211110000 0.32 222221100000 0.01 

180 222221010000 0.42 222211110000 0.32 222221100000 0.01 
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Table B.40. Hydroxide Triplet 3 State CI-Vector. State-Averaged Calculation: Two 

Singlets, Five Triplets. 

 
Dihedral 

Angle 

CFG 1 

(dyz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxz)1(dyz)1 

(Cπ*)2 

Wt. 

CFG 

2 

CFG 3 

(dxy)1 (dxz)1 

(Cπ*)1(dx2-y2) 1 

Wt. 

CFG 3 

0 222221100000 0.72 222211200000 0.05 222112110000 0.06 

10 222221100000 0.72 222211200000 0.05 222112110000 0.06 

20 222221100000 0.73 222211200000 0.05 222112110000 0.05 

30 222221100000 0.74 222211200000 0.06 222112110000 0.05 

40 222221100000 0.74 222211200000 0.06 222112110000 0.05 

50 222221100000 0.74 222211200000 0.06 222112110000 0.04 

60 222221100000 0.75 222211200000 0.06 222112110000 0.04 

70 222221100000 0.75 222211200000 0.06 222112110000 0.04 

80 222221100000 0.75 222211200000 0.06 222112110000 0.04 

90 222221100000 0.75 222211200000 0.06 222112110000 0.04 

100 222221100000 0.75 222211200000 0.06 222112110000 0.04 

110 222221100000 0.75 222211200000 0.06 222112110000 0.04 

120 222221100000 0.75 222211200000 0.06 222112110000 0.04 

130 222221100000 0.74 222211200000 0.06 222112110000 0.04 

140 222221100000 0.74 222211200000 0.06 222112110000 0.05 

150 222221100000 0.73 222211200000 0.05 222112110000 0.05 

160 222221100000 0.72 222211200000 0.05 222112110000 0.06 

170 222221100000 0.71 222211200000 0.05 222112110000 0.06 

180 222221100000 0.70 222211200000 0.05 222112110000 0.06 
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Table B.41. Hydroxide 1st Excited Singlet State CI-Vector. State-Averaged 

Calculation: Two Singlets, Five Triplets. 

 
Dihedral 

Angle 

CFG 1 

(dyz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

(dxy)1(dx2-y2)1 

Wt. 

CFG 

2 

CFG 3 

(dxz)1(dyz)1(Cπ*)2 

Wt. 

CFG  

3 

0 222221100000 0.70 222122010000 0.04 222211200000 0.08 

10 222221100000 0.70 222122010000 0.04 222211200000 0.08 

20 222221100000 0.70 222122010000 0.05 222211200000 0.08 

30 222221100000 0.69 222122010000 0.05 222211200000 0.08 

40 222221100000 0.68 222122010000 0.06 222211200000 0.08 

50 222221100000 0.67 222122010000 0.07 222211200000 0.08 

60 222221100000 0.66 222122010000 0.08 222211200000 0.08 

70 222221100000 0.65 222122010000 0.09 222211200000 0.08 

80 222221100000 0.64 222122010000 0.09 222211200000 0.08 

90 222221100000 0.64 222122010000 0.09 222211200000 0.08 

100 222221100000 0.64 222122010000 0.09 222211200000 0.08 

110 222221100000 0.65 222122010000 0.08 222211200000 0.08 

120 222221100000 0.66 222122010000 0.08 222211200000 0.08 

130 222221100000 0.67 222122010000 0.07 222211200000 0.08 

140 222221100000 0.68 222122010000 0.06 222211200000 0.08 

150 222221100000 0.69 222122010000 0.05 222211200000 0.08 

160 222221100000 0.70 222122010000 0.05 222211200000 0.08 

170 222221100000 0.70 222122010000 0.04 222211200000 0.08 

180 222221100000 0.71 222122010000 0.04 222211200000 0.08 
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Table B.42. Hydroxide 4th Triplet CI-Vector.  

CFG2: (a2u)
2(a1u)

2(σz2)
2(dxz)

2(dxy)
1(dyz)

1(Cπ*)1(dx2-y2)
1.  

CFG 3 involves the porphyrin. 

 
Dihedral 

Angle 

CFG 1 

(dxz)1(Cπ*)1 

Wt. 

CFG 

1 

CFG 2 

 

Wt. 

CFG 

2 

CFG 3 

 

Wt. 

CFG  

3 

0 222212100000 0.85 222121110000 0.03 211212101100 0.03 

10 222212100000 0.85 222121110000 0.03 211212101100 0.02 

20 222212100000 0.85 222121110000 0.03 211212101100 0.02 

30 222212100000 0.84 222121110000 0.03 211212101100 0.02 

40 222212100000 0.84 222121110000 0.03 211212101010 0.02 

50 222212100000 0.84 222121110000 0.03 211212101010 0.02 

60 222212100000 0.84 222121110000 0.03 211212101010 0.02 

70 222212100000 0.84 222121110000 0.03 211212101010 0.01 

80 222212100000 0.84 222121110000 0.03 211212101010 0.01 

90 222212100000 0.84 222121110000 0.03 211212101010 0.02 

100 222212100000 0.84 222121110000 0.03 211212101010 0.02 

110 222212100000 0.84 222121110000 0.03 211212101010 0.02 

120 222212100000 0.84 222121110000 0.03 211212101010 0.02 

130 222212100000 0.84 222121110000 0.03 211212101010 0.02 

140 222212100000 0.84 222121110000 0.03 211212101100 0.02 

150 222212100000 0.84 222121110000 0.03 211212101100 0.02 

160 222212100000 0.85 222121110000 0.03 211212101100 0.03 

170 222212100000 0.85 222121110000 0.03 211212101100 0.03 

180 222212100000 0.85 222121110000 0.03 211212101100 0.03 
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Table B.43. Hydroxide Triplet 5: (a2u)
2(a1u)

2(σz2)
2(dxy)

1 (dxz)
2(dyz)

1(Cπ*)1(dx2-y2)
1 

Dihedral Angle CFG 1 Wt. CFG 1 

0 222121110000 0.76 

10 222121110000 0.76 

20 222121110000 0.76 

30 222121110000 0.76 

40 222121110000 0.76 

50 222121110000 0.75 

60 222121110000 0.75 

70 222121110000 0.75 

80 222121110000 0.75 

90 222121110000 0.75 

100 222121110000 0.75 

110 222121110000 0.75 

120 222121110000 0.75 

130 222121110000 0.76 

140 222121110000 0.76 

150 222121110000 0.76 

160 222121110000 0.76 

170 222121110000 0.76 

180 222121110000 0.76 
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Table B.44. Evolution of N-MeImid IPC model ground state CI-vector during Fe-C 

bond elongation using relaxed geometries. The (dxz)
2(Cπ*)0 and  (dxz)

1(Cπ*)1 are the two 

dominant configurations throughout the 1.7-2.5 Å. Until 2.1 Å, the (dxz)
0(Cπ*)2 is third 

most dominant.    
Fe-C 

Length 

(Å) 

CFG 

(dxz)2(Cπ*)0 

Frac. 

Char. 

CFG 

(dxz)1(Cπ*)1 

Frac. 

Char. 

CFG 

(dxz)0(Cπ*)2 

Frac. 

Char. 

1.70 222222000000 0.66 222122100000 0.10 222022200000 0.06 

1.79 222222000000 0.60 222122100000 0.16 222022200000 0.06 

1.90 222222000000 0.51 222122100000 0.23 222022200000 0.05 

2.00 222222000000 0.44 222122100000 0.29 222022200000 0.05 

2.10 222222000000 0.36 222122100000 0.34 222022200000 0.04 

2.20 222222000000 0.29 221222100000 0.39 220222200000 0.03 

2.30 222222000000 0.23 221222100000 0.40 220222200000 0.02 

2.40 222222000000 0.17 221222100000 0.41 220222200000 0.01 

2.50 222222000000 0.12 221222100000 0.37 220222200000 0.01 
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Table B.45. Evolution of thiolate IPC model ground state CI-vector during Fe-C bond 

elongation using relaxed geometries. The (dxz)
2(Cπ*)0 and  (dxz)

1(Cπ*)1 are the two 

dominant configurations throughout the 1.7-2.5 Å. Until 2.4 Å, the (dxz)
0(Cπ*)2 is third 

most dominant.    
Fe-C 

Length 

(Å) 

CFG 1 

(dxz)2(Cπ*)0 

Frac. 

Char. 

CFG 2 

(dxz)1(Cπ*)1 

Frac. 

Char. 

CFG 3 

(dxz)0(Cπ*)2 

Frac. 

Char. 

1.70 222222000000 0.66 222122100000 0.11 222022200000 0.07 

1.80 222222000000 0.57 222122100000 0.19 222022200000 0.07 

1.90 222222000000 0.49 222122100000 0.26 222022200000 0.10 

2.00 222222000000 0.41 222122100000 0.34 222022200000 0.06 

2.10 222222000000 0.42 222221100000 0.29 222220200000 0.09 

2.20 222222000000 0.34 222221100000 0.35 222220200000 0.08 

2.30 222222000000 0.27 222221100000 0.40 222220200000 0.07 

2.40 222222000000 0.18 222221100000 0.46 222220200000 0.04 

2.50 222222000000 0.11 222221100000 0.49 222220200000 0.03 
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Table B.46. Evolution of hydroxide IPC model ground state CI-vector during Fe-C 

bond elongation. Using relaxed geometries. (2 singlets, 5 triplets state-averaged 

calculation). 
Fe-C 

Length 

(Å) 

CFG 1 

(dxz)2(Cπ*)0 

Frac. 

Char. 

CFG 2 

(dxz)1(Cπ*)1 

Frac. 

Char. 

CFG 3 

(dxz)0(Cπ*)2 

Frac. 

Char. 

1.70 222222000000 0.73 222122100000 0.03 222022200000 0.09 

1.84 222222000000 0.61 222212100000 0.13 222202200000 0.10 

1.90 222222000000 0.56 222212100000 0.18 222202200000 0.10 

2.00 222222000000 0.48 222212100000 0.25 222202200000 0.10 

2.10 222222000000 0.40 222212100000 0.34 222202200000 0.10 

2.20 222222000000 0.32 222212100000 0.42 222202200000 0.09 

2.30 222222000000 0.22 222212100000 0.55 222202200000 0.07 
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Table B.47. Difference in energetics for free carbene between the QD-NEVPT2 and 

NEVPT2 methods. 

 
Dihedral Angle Difference in 

Lowest Singlet 

Energy 

(kcal/mol) 

Difference in 1st 

Excited  

Singlet  

Energy 

(kcal/mol) 

Difference in 

Triplet  

Energy 

(kcal/mol) 

10 1.3 x 10-4 -1.3 x 10-4 0.0 

20 1.9 x 10-3 -1.9 x 10-3 0.0 

30 1.3 x 10-2 -1.3 x 10-2 0.0 

40 2.6 x 10-2 -2.6 x 10-2 0.0 

50 3.7 x 10-2 -3.7 x 10-2 0.0 

60 4.3 x 10-2 -4.3 x 10-2 0.0 

70 4.5 x 10-2 -4.5 x 10-2 0.0 

80 4.0 x 10-2 -4.0 x 10-2 0.0 

90 3.0 x 10-2 -3.0 x 10-2 0.0 

100 2.1 x 10-2 -2.1 x 10-2 0.0 

110 1.4 x 10-2 -1.4 x 10-2 0.0 

120 1.0 x 10-2 -1.0 x 10-2 0.0 

130 7.6 x 10-3 -7.6 x 10-3 0.0 

140 7.2 x 10-3 -7.2 x 10-3 0.0 

150 9.1 x 10-3 -9.1 x 10-3 0.0 

160 1.5 x 10-2 -1.5 x 10-2 0.0 

170 2.0 x 10-2 -2.0 x 10-2 0.0 
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Table B.48. Loewdin Atomic Spin Populations for the B3LYP N-MeImid in triplet and 

BSS states and their dependence on dihedral angle. 
B3LYP Methyl-Imidazole Triplet 

Dihedral Angle Fe Spin Pop. Carbene C Spin Pop. 

0 1.13 0.61 

10 1.13 0.61 

20 1.12 0.62 

30 1.13 0.63 

40 1.12 0.65 

50 1.12 0.67 

60 1.10 0.77 

70 1.11 0.77 

80 1.10 0.77 

90 1.12 0.75 

100 1.12 0.73 

110 1.09 0.76 

120 1.09 0.72 

130 1.10 0.69 

140 1.10 0.67 

150 1.12 0.64 

160 1.12 0.62 

170 1.13 0.61 

180 1.13 0.60 

B3LYP Methyl-Imidazole BSS 

Dihedral Angle Fe Spin Pop. Carbene C Spin Pop. 

0 0.89 -0.64 

10 0.89 -0.63 

20 0.86 -0.62 

30 0.83 -0.61 

40 0.78 -0.59 

50 0.74 -0.56 
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60 0.70 -0.54 

70 0.67 -0.52 

80 0.66 -0.52 

90 0.66 -0.52 

100 0.68 -0.53 

110 0.71 -0.55 

120 0.74 -0.57 

130 0.78 -0.59 

140 0.82 -0.61 

150 0.86 -0.62 

160 0.88 -0.63 

170 0.90 -0.64 

180 0.90 -0.64 
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B.C. Figures 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Top Left: DFT scan for free carbene extending to 350°. Top Right: DFT and 

TDDFT scans over the same range. Bottom Left: QD-NEVPT2 and FIC-MRCI free 

carbene scans extending to 350°. 
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Figure B.2. QD-NEVPT2 Scans for IPC models extending to 350°. Top Left: N-MeImid. 

Top Right: Thiolate. Bottom Left: Hydroxide. Bottom Right: Hydroxide, comparison of 

energetics with different numbers of roots in state-averaged calculation (i.e. 1 quintet, 5 

triplets, and 2 singlets compared to 5 triplets and 2 singlets). 

 

  



 

 

196 

 

 

  

 

 

Figure B.3. DFT (B3LYP) scan for IPC models extending to 350°. Top Left: N-

methylimidazole. Top Right: Thiolate. Bottom Left: Hydroxide. 
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Figure B.4. Orbitals for the free carbene in the triplet state at 0°, 90°, and 180° dihedral 

angles.  
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Figure B.5. Orbitals for the free carbene in the spin-restricted singlet state at 10°, 90°, and 

170° dihedral angles. Bottom panel: QD-NEVPT2 state-averaged active space orbitals and 

occs. and weight of the leading term in ground singlet state (S1) for comparison to DFT. 
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Figure B.6A. Orbitals for the free carbene in the broken-symmetry singlet state at 10°, 

90°, and 170° dihedral angles. Bottom panel: QD-NEVPT2 state-averaged active space 

orbitals and occs. and the weight of leading term in 1st excited singlet state (S2) for 

comparison to DFT.   
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Figure B.6B. Natural orbitals for the free carbene in the broken-symmetry singlet state at 

10°, 90°, and 170°. Bottom panel: QD-NEVPT2 state-averaged active space orbitals and 

occs. and the weight of leading term in 1st excited singlet state (S2) for comparison to 

DFT.   
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Figure B.7. DFT relaxed scans of IPC model complexes using the BP86, TPSSh, and 

B3LYP functionals. 

MeImid: 

BP86

MeImid: TPSSh MeImid: B3LYP

Thiolate: BP86 Thiolate: TPSSh Thiolate: B3LYP

Hydroxide: BP86 Hydroxide: TPSSh Hydroxide: B3LYP
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Figure B.8. DFT (B3LYP) relaxed scan of the Fe-C bond length in the RKS geometry 

(blue). Optimizations started from the 90 ° geometry from the B3LYP dihedral angle 

relaxed scan. Vertical energies to the triplet and BSS states were found with single point 

calculations (red and orange). Top Left: N-MeImid; Top Right: Thiolate; Bottom Left: 

Hydroxide. 
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Figure B.9. Corresponding Orbitals for IPC BSS DFT Results. Top: N-MeImid. Overlap 

of 0.78. Middle: Thiolate. Overlap of 0.61. Bottom: Hydroxide: Overlap of 0.55  
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A p p e n d i x  C  

SUPPORTING INFORMATION FOR CHAPTER 4: MULTIREFERENCE 

DESCRIPTION OF NICKEL–ARYL HOMOLYTIC BOND DISSOCIATION 

PROCESSES IN PHOTOREDOX CATALYSIS 

 

Adapted with permission from:  

Cagan, D. A.†; Stroscio, G. D.†; Cusumano, A. Q.; Hadt, R. G. Multireference Description 

of Nickel–Aryl Homolytic Bond Dissociation Processes in Photoredox Catalysis. J. Phys. 

Chem. A 2020, 124 (48), 9915-9922. https://doi.org/10.1021/acs.jpca.0c08646.  

†Co-first author. *Corresponding author. 

Copyright (2020) American Chemical Society. 
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C.A. Computational Methods 

C.A.1. Example DFT Input 

! RKS BP86 6-311G(d) AutoAux  

! TIGHTOPT FREQ 

! RI VeryTightSCF GRID7 NOFINALGRID  

! SlowConv PrintBasis LargePrint  

  

%pal nprocs 16 

end 

%maxcore 9000 

 

%method 

  Z_solver DIIS 

  Z_shift 0.5 

end 

*xyzfile 0 1 File.xyz   

 

C.A.2. Example TDDFT Input 

! UKS B3LYP def2-tzvp AutoAux SP RIJCOSX 

! VeryTightSCF GRID7 NOFINALGRID GRIDX9 

! SlowConv PrintBasis LargePrint CPCM(THF) 

! MORead 

%moinp "File.gbw" 

  

%pal nprocs 16 

end 

%maxcore 9000 

 

%tddft  

  nroots 50 

  maxdim 5 

end 

 

*xyzfile 0 3 File.xyz 
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C.A.3. Example CASSCF/QD-NEVPT2 Input 

! def2-TZVP AutoAux RIJCOSX TightSCF CPCM(THF) 

! LargePrint MOREAD 

%moinp "File.gbw" 

 

%casscf  

  norb  9 

  nel  10 

  mult  3,1 

  nroots 25,15   

  TrafoStep RI 

  MaxIter 400 

  etol 1e-7  

  printwf det  

  orbstep SuperCI 

  switchstep DIIS 

  ShiftUp 2.0 

  ShiftDn 2.0  

  ptmethod sc_nevpt2 

  ptsettings 

  qdtype qd_vanvleck 

  end  

rel 

  dosoc true  

  gtensor true 

  dtensor true 

  end   

end 

 

%pal 

  nprocs 16 

end 

%maxcore 9000 

 

* xyzfile 0 1 File.xyz 
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C.B. Tables Part 1: Compound 1 

 

Table C.1A-1. Compound 1 – CASSCF/QD-NEVPT2 lowest transition energies in the gas 

phase (5o, 8e Active Space) – 10 triplet roots, 10 singlet roots. Active Space Orbitals (in 

order for CI vector notation below): d(z2), d(xz), d(yz), d(xy), d(x2-y2).  
State Root Multiplicity ΔE/nm ΔE/kcal 

mol-1 
CI Vector fosc Contribution 

0 0 1 --- --- 22220 --- 0.95128      
02222 --- 0.02052 

1 0 3 1090.8 26.2 12221 --- 0.99927      
--- --- --- 

2 1 3 1009.0 28.3 21221 --- 0.75971      
22121 --- 0.21841 

3 2 3 884.4 32.3 22121 --- 0.75325      
21221 --- 0.21711 

4 3 3 614.5 46.5 22211 --- 0.93594      
21122 --- 0.06344 

5 1 1 420.1 68.1 21221 0.0000024 0.77158      
22122 --- 0.20180 

6 2 1 414.9 68.9 12221 0.0000399 0.97842      
22022 --- 0.00639 

7 3 1 395.1 72.4 22121 0.0001334 0.77021      
21221 --- 0.20266 

8 4 1 382.6 74.7 22211 0.0001352 0.99872 

     --- --- --- 

9 4 3 292.0 97.9 21212 --- 0.45857      
22112 --- 0.37735 

10 5 3 288.9 98.9 12212 --- 0.99393      
21122 --- 0.00338 
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Table C.1A-2. Compound 1 – CASSCF/QD-NEVPT2 lowest transition energies with 

CPCM(THF) (5o, 8e Active Space) – 10 triplet roots, 10 singlet roots. Active Space 

Orbitals (in order for CI vector notation below): d(z2), d(xz), d(yz), d(xy), d(x2-y2).  
State Root Multiplicity ΔE/nm ΔE/kcal 

mol-1 
CI Vector fosc Contribution 

0 0 1 --- --- 22220 --- 0.94984      
02222 --- 0.02128 

1 0 3 1224.5 23.4 12221 --- 0.99185      
--- --- --- 

2 1 3 1089.4 26.2 21221 --- 0.94767      
22121 --- 0.03109 

3 2 3 973.7 29.4 22121 --- 0.93700      
21221 --- 0.03119 

4 3 3 633.7 45.1 22211 --- 0.92979      
21122 --- 0.06922 

5 1 1 431.4 66.3 21221 0.0000031 0.86047      
12221 

 
0.09338 

6 2 1 431.3 66.3 12221 0.0000287 0.88620      
20222 

 
0.00722 

7 3 1 410.5 69.6 22121 0.0001197 0.94493      
21221 

 
0.02702 

8 4 1 387.8 73.7 22211 0.0001278 0.99747 

     ---  --- 

9 4 3 301.8 94.8 21212 --- 0.59108      
22112 --- 0.23535 

10 5 3 299.7 95.4 12212 --- 0.99260      
21122 --- 0.00415 
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Table C.1B. Compound 1 – CASSCF/QD-NEVPT2 lowest transition energies in the 

gas phase. 9o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order for 

CI vector notation below): d(xy), d(x2-y2)/C(sp2), d(yz), d(z2), d(xz), d(x2-y2)/C(sp2)*, 

π*(1), π*(2), π*(3).  
State Root Multiplicity ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 222220000 --- 0.5455 
     222210100 --- 0.1876      

212221000 --- 0.0977 

1 0 3 802.3 35.6 222121000 --- 0.4035 

     222210100 --- 0.1917 

2 1 3 774.8 36.9 222120100 --- 0.6406 

     222210100 --- 0.1186 

3 1 1 752.5 38.0 222120100 0.0006862 0.8166 

     202122100 --- 0.0850 

4 2 3 733.8 39.0 221221000 --- 0.2244 

     222210100 --- 0.2117 

5 3 3 715.5 40.0 221221000 --- 0.2533 

     222210100 --- 0.2197 

6 2 1 672.0 42.5 221220100 0.0649528 0.4507 

     222210100 --- 0.2848 

7 4 3 668.3 42.8 222211000 --- 0.4913 

     221221000 --- 0.2821 

8 5 3 620.8 46.1 221220100 --- 0.7066 

     222210100 --- 0.0871 

9 3 1 604.1 47.3 221220100 0.1224866 0.3511 

     222210100 --- 0.2756 

10 6 3 551.6 51.8 122221000 --- 0.6719 

     221212000 --- 0.0803 

11 7 3 480.7 59.5 222120010 --- 0.7737 

     202122010 --- 0.0829 

12 4 1 479.5 59.6 222120010 0.0003566 0.7222 

     202122010 --- 0.0773 

13 5 1 472.4 60.5 122220100 0.0001327 0.7056 

     221211100 --- 0.0791 

14 8 3 468.1 61.1 222210010 --- 0.7214 

     221220010 --- 0.0877 

15 6 1 463.2 61.7 222210010 0.0858212 0.3931 

     221220010 --- 0.2037 

16 9 3 463.0 61.8 122220100 --- 0.7507 

     221211100 --- 0.0792 

17 7 1 439.3 65.1 222120001 0.0000514 0.7108 

     202122001 --- 0.0744 

18 8 1 428.4 66.7 221220010 0.0799110 0.3735 

     222210001 --- 0.3188 

19 10 3 424.0 67.4 222120001 --- 0.7783 

     202122001 --- 0.0812 

20 11 3 416.1 68.7 221220010 --- 0.6613      
222210010 --- 0.0772 
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Table C.1C. Compound 1 – CASSCF/QD-NEVPT2 Lowest transition energies with 

CPCM(THF) 9o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbital (in order for 

CI vector notation below): d(xy), bonding d(x2-y2)/C(sp2), d(yz), d(xz), d(z2), d(x2-

y2)/C(sp2)*, π*(1), π*(2), π*(3).  
State Root Multiplicity ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 222220000 --- 0.5752 
     222120100 --- 0.1521 

1 0 3 832.8 34.3 222211000 --- 0.7672 

     212212000 --- 0.1435 

2 1 3 758.1 37.7 222121000 --- 0.4011 

     221221000 --- 0.3532 

3 2 3 712.3 40.1 222210100 --- 0.3289 

     221221000 --- 0.3246 

4 3 3 678.4 42.2 222210100 --- 0.4433 

     222121000 --- 0.2503 

5 1 1 671.4 42.6 222210100 0.0008408 0.8161 

     202212100 --- 0.0876 

6 4 3 647.1 44.2 222120100 --- 0.7582 

     202122100 --- 0.0850 

7 2 1 604.2 47.3 221220100 0.0622469 0.4193 

     222120100 --- 0.3382 

8 5 3 574.3 49.8 221220100 --- 0.5752 

     122221000 --- 0.1682 

9 6 3 551.4 51.9 122221000 --- 0.5491 

     221220100 --- 0.1783 

10 3 1 546.6 52.3 221220100 0.1520657 0.3722 

     222120100 --- 0.2674 

11 4 1 444.6 64.3 222120010 0.1043472 0.5270 

     221220010 --- 0.1267 

12 7 3 441.9 64.7 222210010 --- 0.7193 

     222210001 --- 0.0917 

13 5 1 440.4 64.9 122220100 0.0001963 0.4135 

     222210010 --- 0.3424 

14 6 1 437.3 65.4 222210010 0.0003333 0.4320 

     122220100 --- 0.3239 

15 8 3 424.8 67.3 222120010 --- 0.7541 

     202122010 --- 0.0870 

16 9 3 423.2 67.5 122220100 --- 0.7670 

     221121100 --- 0.0820 

17 10 3 410.6 69.6 222210001 --- 0.7193 

     222210010 --- 0.0922 

18 7 1 407.1 70.2 222121000 0.0002537 0.6733 

     221221000 --- 0.1149 

19 8 1 401.3 71.3 222211000 0.0305023 0.2808 

     221220010 --- 0.2155 

20 9 1 399.9 71.5 122221000 0.0329884 0.4648 
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     222211000 --- 0.1385 

 

Table C.1D. Compound 1 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state in gas phase. 9o, 10e Active Space – 25 triplet roots, 15 singlet 

roots. Orbitals: d(xy), bonding d(x2-y2)/C(sp2), d(yz), d(z2), d(xz), d(x2-y2)/C(sp2)*, π*(1), 

π*(2), π*(3).  
CI Vector Transition Contribution 

222220000 Closed shell singlet (CSS) d8 0.5455 

222210100 d(xz) → π*(1) 0.1876 

212221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0977 

221220001 d(yz) → π*(3) 0.0400 

222210010 d(xz) → π*(2) 0.0312 

202212100 2x[bonding d(x2-y2)/C(sp2)] + d(xz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0224 

222121000 d(z2) → d(x2-y2)/C(sp2)* 0.0090 

212211100 bonding d(x2-y2)/C(sp2) + d(xz) → d(x2-y2)/C(sp2)* + π*(1) 0.0083 

222022000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0079 

220222000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0056 

222202000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0055 

201222001 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(3) 0.0042 

202212010 2x[bonding d(x2-y2)/C(sp2)] + d(xz) → 2x[d(x2-y2)/C(sp2)*] + π*(2) 0.0040 

122221000 d(xy) → d(x2-y2)/C(sp2)* 0.0029 

221220100 d(yz) → π*(1) 0.0029 

Sum of CSS  55% 

Sum of all MLCT 26% 

Sum of all d-d 13% 

Sum of mixed MLCT + d-d 3.9% 
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Table C.1E. Compound 1 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state with CPCM(THF). 9o, 10e Active Space – 25 triplet roots, 15 

singlet roots. Orbitals: d(xy), bonding d(x2-y2)/C(sp2), d(yz), d(xz), d(z2), d(x2-y2)/C(sp2)*, 

π*(1), π*(2), π*(3). 

CI Vector Transition Contribution 

222220000 Closed shell singlet (CSS) d8 0.5752 

222120100 d(xz) → π*(1) 0.1521 

212221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.1097 

221220001 d(yz) → π*(3) 0.0383 

222120010 d(xz) → π*(2) 0.0256 

202122100 2x[bonding d(x2-y2)/C(sp2)] + d(xz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0192 

222211000 d(z2) → d(x2-y2)/C(sp2)* 0.0101 

221220100 d(yz) → π*(1) 0.0090 

222202000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0090 

212121100 bonding d(x2-y2)/C(sp2) + d(xz) → d(x2-y2)/C(sp2)* + π*(1) 0.0073 

220222000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0063 

222022000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0063 

201222001 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(3) 0.0041 

202122010 2x[bonding d(x2-y2)/C(sp2)] + d(xz) → 2x[d(x2-y2)/C(sp2)*] + π*(2) 0.0034 

Sum of CSS 58% 

Sum of all MLCT 22% 

Sum of all d-d 14% 

Sum of mixed MLCT + d-d 3.4% 
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Table C.1F. Compound 1 with Ni–C distance of 3.20 Å – CASSCF/QD-NEVPT2 

lowest transition energies in gas phase. 8o,10e Active Space – 25 triplet roots, 15 singlet 

roots. Orbitals: d(xy), d(yz), d(z2), d(xz), bonding d(x2-y2)/C(sp2), d(x2-y2)/C(sp2)*, π*(1), 

π*(2).   
State Root Multiplicity ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 3 --- --- 22211110 --- 0.5998 
     22212010 --- 0.1057 
     22221100 --- 0.0567 

1 0 3 9086.0 3.1 22211110 --- 0.7446 

     22112110 --- 0.0600 

2 1 3 3630.2 7.9 22121110 --- 0.8144 

     22122010 --- 0.1216 

3 2 3 3417.1 8.4 22211110 --- 0.7561 

     22212010 --- 0.0919 

4 1 1 3189.5 9.0 22121110 0.0000059 0.8124 

     22122010 --- 0.1225 

5 3 3 2489.9 11.5 22121110 --- 0.9789 

     12221110 --- 0.0509 

6 4 3 2304.7 12.4 21221110 --- 0.7601 

     21222010 --- 0.1103 

7 2 1 2285.4 12.5 21221110 0.0000005 0.6956 

     21222010 --- 0.1058 

8 5 3 1919.3 14.9 21221110 --- 0.8607 

     22211110 --- 0.0484 

9 6 3 1172.8 24.4 22220110 --- 0.7851 

     22221010 --- 0.0762 

10 3 1 1170.0 24.4 22220110 0.0000682 0.7229 

     22221010 --- 0.0724 

11 4 1 1097.4 26.1 22211101 0.0222545 0.2581 

     12221110 --- 0.2436 

12 5 1 1090.0 26.2 22211101 0.0361406 0.4130 

     21212110 --- 0.1455 

13 7 3 1061.0 27.0 12221110 --- 0.4604 

     21212110 --- 0.4285 

14 8 3 1030.4 27.7 22211101 --- 0.7389 

     22212001 --- 0.0804 

15 9 3 1003.5 28.5 12221110 --- 0.4832 

     21212110 --- 0.4057 

16 10 3 994.6 28.8 22121101 --- 0.8005 

     22122001 --- 0.1199 

17 6 1 993.3 28.8 22121101 0.0000753 0.8085 

     22122001 --- 0.1212 

18 11 3 979.4 29.2 22211101 --- 0.8202 

     22112101 --- 0.0673 

19 12 3 911.0 31.4 22121101 --- 0.9880 

     12221101 --- 0.0051 
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20 7 1 863.0 33.1 21221101 0.0022399 0.7256 
     21222001 --- 0.1076 

 

Table C.1G-1. Compound 1 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state while varying number of singlet roots. 9o, 10e Active Space – 25 

triplet roots, X singlet roots (where X ranged from 15 to 40). Orbitals: bonding 

d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  

Weights of Three Most Dominant Terms in CI-Vector  (# Triplets / # Singlets)  

Configuration 

25/15 

CPCM 

25/15 

Gas 

25/20 

Gas 

25/25 

Gas 

25/30 

Gas 

25/35 

Gas 

25/40 

Gas 

CSS 0.5752 0.5455 0.5346 0.5202 0.5029 0.4853 0.4733 

d(xz)  → π*(1) 0.1521 0.1876 0.1149 0.1321 0.1224 0.1316 0.1198 

bonding 

d(x2-y2)/C(sp2)   

→ d(x2-y2)/C(sp2)* 0.1097 0.0977 0.1101 0.0853 0.0971 0.1276 0.1430 

Sums of Weights 

Configuration 

25/15 

CPCM 

25/15 

Gas 

25/20 

Gas 

25/25 

Gas 

25/30 

Gas 

25/35 

Gas 

25/40 

Gas 

CSS 58% 55% 53% 52% 50% 49% 47% 

Sum of MLCT 23% 26% 25% 24% 23% 26% 25% 

Sum of d-d 14% 13% 16% 19% 21% 21% 23% 

Sum of MLCT+ d-d 3.4% 3.9% 2.6% 1.9% 1.7% 2.8% 2.8% 

Singlet → Singlet Transition Energies (kcal mol-1)  

Transition 
25/15 

CPCM 

25/15 

Gas 

25/20 

Gas 

25/25 

Gas 

25/30 

Gas 

25/35 

Gas 

25/40 

Gas 

S0→S1 42.6 38.0 39.3 40.1 40.6 39.3 39.8 

S0→S2 47.3 42.5 43.3 43.7 43.9 43.2 43.4 

S0→S3 52.3 47.3 48.0 48.9 49.5 48.2 48.3 

S0→S4 64.3 59.6 60.9 62.1 62.6 61.2 61.7 

S0→S5 64.9 60.5 61.9 62.5 63.0 61.8 62.1 

S0→S6 65.4 61.7 62.3 63.4 63.4 63.2 63.0 

S0→S7 70.2 65.1 67.7 67.7 67.3 68.0 67.9 

S0→S8 71.3 66.7 68.6 69.2 69.0 68.4 68.1 

S0→S9 71.5 69.4 68.8 70.1 70.3 69.4 69.7 

S0→S10 72.3 72.2 71.1 70.6 70.7 71.3 71.7 

S0→S11 73.3 73.4 71.8 72.0 72.5 72.0 72.0 

S0→S12 77.0 75.0 73.0 72.1 73.4 72.2 72.7 

S0→S13 78.2 76.2 74.5 74.5 75.2 75.7 74.2 

S0→S14 85.6 81.2 80.9 81.5 81.7 81.7 81.4 
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Table C.1G-2. Compound 1 – CASSCF/QD-NEVPT2 composition of the singlet 3.20 

Å ground state while varying number of singlet roots. 9o, 10e Active Space – 25 triplet 

roots, X singlet roots (where X ranged from 15 to 45). Orbitals: bonding d(x2-y2)/C(sp2), 

d(xy), d(xz), d(yz), d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  

CI-Vector Weights (# Triplets/# Singlets) 

Transition 25/15 CPCM 25/15 Gas 25/25 Gas 25/35 Gas 

d(xz) + bonding d(x2-y2)/C(sp2) 

→ d(x2-y2)/C(sp2)* + π*(1) 
0.5994 0.5998 0.6929 0.7298 

d(xz) → π*(1) 0.1042 0.1057 0.0796 0.0626 

bonding d(x2-y2)/C(sp2) 

→ d(x2-y2)/C(sp2)* 
0.0560 0.0567 0.0631 0.0663 

d(z2) + d(xz) → C(sp2) + π*(1) 0.0579 0.0549 0.0195 0.0387 

Singlet → Singlet Transition Energies (kcal mol-1) 
  

Transition 25/15 CPCM 25/15 Gas 25/25 Gas 25/35 Gas 

S0→S1 42.6 38.0 40.1 39.3 

S0→S2 47.3 42.5 43.7 43.2 

S0→S3 52.3 47.3 48.9 48.2 

S0→S4 64.3 59.6 62.1 61.2 

S0→S5 64.9 60.5 62.5 61.8 

S0→S6 65.4 61.7 63.4 63.2 

S0→S7 70.2 65.1 67.7 68.0 

S0→S8 71.3 66.7 69.2 68.4 

S0→S9 71.5 69.4 70.1 69.4 

S0→S10 72.3 72.2 70.6 71.3 

S0→S11 73.3 73.4 72.0 72.0 

S0→S12 77.0 75.0 72.1 72.2 

S0→S13 78.2 76.2 74.5 75.7 

S0→S14 85.6 81.2 81.5 81.7 
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Table C.1G-3. Compound 1 – CASSCF/QD-NEVPT2 composition of the formal Ni(I) 

ground state while varying number of doublet roots. 8o, 9e Active Space – 25 quartet roots, 

X doublet roots (where X ranged from 15 to 45).  
CI-Vector Weights (# Quartets / # Doublets)  

Transition 25/15 CPCM 25/15 Gas 25/25 Gas 25/35 Gas 25/45 Gas 

d(xz) → π*(1) 0.7390 0.7363 0.7382 0.7701 0.7631 

      

d(xz) → π*(2) 0.0761 0.0755 0.0746 0.0710 0.0719 

      

formal Ni(I) 0.0733 0.0727 0.0724 0.0716 0.0748 

      

d(yz) → π*(3) 0.0428 0.0455 0.0474 0.0443 0.0467 

 

Doublet→Doublet Transition Energies (kcal mol-1) 

Transition 25/15 CPCM 25/15 Gas 25/25 Gas 25/35 Gas 25/45 Gas 

1 8.3 9.4 9.4 9.6 9.8 

2 11.9 12.7 12.7 12.9 13.1 

3 22.5 23.0 22.3 22.5 22.7 

4 26.5 26.6 26.6 26.9 27.0 

5 27.6 28.2 26.8 27.2 27.5 

6 29.4 30.3 30.4 30.1 30.1 

7 31.0 31.0 30.6 30.6 30.8 

8 33.7 34.3 34.3 34.5 34.9 

9 35.2 36.0 36.2 36.4 36.7 

10 36.5 37.7 37.4 37.7 37.9 

11 36.7 38.1 37.6 37.7 38.0 

12 37.8 38.3 38.0 38.4 38.8 

13 37.9 38.4 38.3 38.6 39.0 

14 49.3 48.1 45.7 46.1 45.9 
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Table C.1H. Compound 1 – CASSCF/QD-NEVPT2. Transitions for the gas phase 

spectrum. 9o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order for CI 

vector notation below):  d(xy), bonding d(x2-y2)/C(sp2), d(yz), d(z2), d(xz), d(x2-

y2)/C(sp2)*, π*(1), π*(2), π*(3).  

Transition ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

S0→S1 752.5 38.0 222120100 0.0006862 0.8166 

   202122100 --- 0.0850 

S0→S2 672.0 42.5 221220100 0.0649528 0.4507 

   222210100 --- 0.2848 

S0→S3 604.1 47.3 221220100 0.1224866 0.3511 

   222210100 --- 0.2756 

S0→S4 479.5 59.6 222120010 0.0003566 0.7222 

   202122010 --- 0.0773 

S0→S5 472.4 60.5 122220100 0.0001327 0.7056 

   221211100 --- 0.0791 

S0→S6 463.2 61.7 222210010 0.0858212 0.3931 

   221220010 --- 0.2037 

S0→S7 439.3 65.1 222120001 0.0000514 0.7108 

   202122001 --- 0.0744 

S0→S8 428.4 66.7 221220010 0.0799110 0.3735 

   222210001 --- 0.3188 

S0→S9 411.9 69.4 222210001 0.1256711 0.2387 

   221220010 --- 0.2186 

S0→S10 396.2 72.2 222211000 0.0001096 0.7697    

212212000 --- 0.0922 

S0→S11 389.3 73.4 122221000 0.0146636 0.6323 

   122211100 --- 0.0868 

S0→S12 381.1 75.0 221221000 0.0008472 0.7203 

   211222000 --- 0.0560 

S0→S13 375.2 76.2 222121000 0.1025873 0.4292 

   222210001 --- 0.1754 

S0→S14 351.9 81.2 221220001 0.4703139 0.5884 

   212221000 --- 0.0772 
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Table C.1I-1. Compound 1 – CASSCF/QD-NEVPT2. Transitions for the CPCM(THF) 

phase spectrum. 9o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbital (in order 

for CI vector notation below): d(xy), bonding d(x2-y2)/C(sp2), d(yz), d(xz), d(z2), d(x2-

y2)/C(sp2)*, π*(1), π*(2), π*(3).  
Transition ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

S0→S1 671.4 42.6 222210100 0.0008408 0.8161 

   
202212100 --- 0.0876 

S0→S2 604.2 47.3 221220100 0.0622469 0.4193 

   
222120100 --- 0.3382 

S0→S3 546.6 52.3 221220100 0.1520657 0.3722 

   
222120100 --- 0.2674 

S0→S4 444.6 64.3 222120010 0.1043472 0.5270 

   
221220010 --- 0.1267 

S0→S5 440.4 64.9 122220100 0.0001963 0.4135 

   
222210010 --- 0.3424 

S0→S6 437.3 65.4 222210010 0.0003333 0.4320 

   
122220100 --- 0.3239 

S0→S7 407.1 70.2 222121000 0.0002537 0.6733 

   
221221000 --- 0.1149 

S0→S8 401.3 71.3 222211000 0.0305023 0.2808 

   
221220010 --- 0.2155 

S0→S9 399.9 71.5 122221000 0.0329884 0.4648 

   222211000 --- 0.1385 

S0→S10 395.3 72.3 222210001 0.0001302 0.7121 

   202212001 --- 0.0765 

S0→S11 390.1 73.3 221221000 0.0016152 0.5853 

   222121000 --- 0.1189 

S0→S12 371.3 77.0 221220010 0.0139708 0.3376 

   222211000 --- 0.2166 

S0→S13 365.5 78.2 222120001 0.1967238 0.4902 

   222211000 --- 0.0927 

S0→S14 333.9 85.6 221220001 0.4607820 0.6454 

   212221000 --- 0.0665 
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Table C.1I-2. Compound 1 – CASSCF/QD-NEVPT2. Spin-orbit corrected absorption 

transitions for the CPCM(THF) phase spectrum. 9o, 10e Active Space – 25 triplet roots, 

15 singlet roots.  
Energy/ 

nm 
Energy/ 

kcal mol-1 
fosc 

Energy/ 

nm 
Energy/ 

kcal mol-1 
fosc

 

686.8 41.6 0.0006638 420.9 67.9 0.0026607 

681.3 42.0 0.0000492 420.7 68.0 0.0000932 

679.1 42.1 0.0014753 413.2 69.2 0.0153295 

672.4 42.5 0.0018573 412.5 69.3 0.0001385 

641.0 44.6 0.0000800 412.5 69.3 0.0028688 

640.3 44.7 0.0022972 405.7 70.5 0.0001127 

638.3 44.8 0.0002073 398.7 71.7 0.0002244 

602.4 47.5 0.0625017 398.2 71.8 0.0400852 

567.6 50.4 0.0000177 397.7 71.9 0.0078340 

566.9 50.4 0.0003588 389.3 73.4 0.0017359 

566.5 50.5 0.0056594 381.8 74.9 0.0000093 

548.2 52.2 0.0000804 381.7 74.9 0.0007565 

548.0 52.2 0.0000025 381.7 74.9 0.0000361 

547.4 52.2 0.0077188 378.1 75.6 0.0000159 

541.3 52.8 0.1271535 377.9 75.6 0.0081108 

453.0 63.1 0.0581791 377.2 75.8 0.0001353 

446.5 64.0 0.0000000 369.9 77.3 0.0213533 

446.4 64.1 0.0013619 364.8 78.4 0.1646061 

444.2 64.4 0.0002830 350.5 81.6 0.0000067 

437.0 65.4 0.0000814 350.3 81.6 0.0222811 

434.5 65.8 0.0442016 350.2 81.6 0.0000361 

422.4 67.7 0.0020976 332.2 86.1 0.4457060 
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Table C.1J. Compound 1 – TDDFT calculated lowest transition energies with 

CPCM(THF).   
State Root Multiplicity ΔE/nm ΔE/kcal mol-1 Transition fosc Contribution 

0 0 1 --- --- --- --- --- 
     --- --- --- 

1 1 3 858.5 33.3 119a → 123a --- 0.77795 
     118a → 123a --- 0.13713 

2 2 3 745.4 38.4 117a → 123a --- 0.70862 
     118a → 123a --- 0.10691 

3 5 3 689.5 41.4 119a → 120a --- 0.86068 
     118a → 120a --- 0.09258 

4 3 3 677.1 42.2 116a → 123a --- 0.76487 
     115a → 123a --- 0.08395 

5 8 3 660.6 43.3 118a → 120a --- 0.74196 
     117a → 120a --- 0.11865 

6 6 3 613.9 46.6 117a → 120a --- 0.81309 
     118a → 120a --- 0.12652 

7 14 3 593.8 48.1 115a → 120a --- 0.70784 
     114a → 120a --- 0.13833 

8 1 1 580.6 49.2 119a → 120a 0.0008793 0.85637 
     118a → 120a --- 0.08983 

9 4 3 530.2 53.9 114a → 123a --- 0.48094 
     109a → 123a --- 0.16890 

10 7 3 504.4 56.7 116a → 120a --- 0.85548 
     115a → 120a --- 0.07395 

11 9 3 504.2 56.7 114a → 120a --- 0.76732 
     115a → 120a --- 0.16764 

12 2 1 486.4 58.8 119a → 123a 0.0149377 0.43727 
     117a → 120a --- 0.28572 

13 11 1 464.3 61.6 115a → 120a 0.0010048 0.74526 
     114a → 120a --- 0.17279 

14 10 3 456.9 62.6 113a → 120a --- 0.81346 
     114a → 120a --- 0.04189 

15 3 1 451.4 63.3 117a → 123a 0.0000160 0.69793 
     118a → 123a --- 0.09923 

16 17 3 451.4 63.3 118a → 121a --- 0.71600 
     117a → 121a --- 0.11668 

17 4 1 438.8 65.2 117a → 120a 0.0091056 0.31383 
     119a → 123a --- 0.20057 

18 5 1 438.8 65.2 118a → 120a 0.0000671 0.34012 
     116a → 123a --- 0.33024 

19 6 1 432.3 66.1 116a → 123a 0.0006521 0.39229 
     118a → 120a --- 0.30750 

20 9 1 429.6 66.5 114a → 120a 0.0002344 0.74666 
     115a → 120a --- 0.16061 
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Table C.1K. Compound 1 – TDDFT with CPCM(THF). Transitions corresponding to 

singlets down to 300 nm.   

Root ΔE/nm ΔE/kcal mol-1 Transition fosc Contribution 
1 580.6 49.2 119a → 120a 0.0008793 0.85637 
   118a → 120a --- 0.08983 

2 486.4 58.8 119a → 123a 0.0149377 0.43727 
   117a → 120a --- 0.28572 

11 464.3 61.6 115a → 120a 0.0010048 0.74526 
   114a → 120a --- 0.17279 

3 451.4 63.3 117a → 123a 0.0000160 0.69793 
   118a → 123a --- 0.09923 

4 438.8 65.2 117a → 120a 0.0091056 0.31383 
   119a → 123a --- 0.20057 

5 438.8 65.2 118a → 120a 0.0000671 0.34012 
   116a → 123a --- 0.33024 

6 432.3 66.1 116a → 123a 0.0006521 0.39229 
   118a → 120a --- 0.30750 

9 429.6 66.5 114a → 120a 0.0002344 0.74666 
   115a → 120a --- 0.16061 

8 429.3 66.6 116a → 120a 0.0774053 0.73096 
 

  117a → 120a --- 0.11234 

7 416.4 68.7 114a → 123a 0.0040780 0.43475 
 

  109a → 123a --- 0.10090 

10 411.7 69.4 119a → 121a 0.0002556 0.90253 
 

  118a → 121a --- 0.06081 

14 393.7 72.6 118a → 121a 0.0002484 0.74852 
 

  117a → 121a --- 0.13455 

13 374.9 76.3 119a → 122a 0.0000090 0.88873 
 

  118a → 122a --- 0.07966 

12 372.2 76.8 117a → 121a 0.0103918 0.75836 

   118a → 121a --- 0.13533 

18 363.5 78.7 118a → 122a 0.0002226 0.72376 

   117a → 122a --- 0.11295 

21 343.8 83.2 115a → 121a 0.0293580 0.61427 

   114a → 121a --- 0.22459 

17 341.1 83.8 116a → 121a 0.0253815 0.72971 

   117a → 122a --- 0.10940 

16 339.9 84.1 112a → 120a 0.0000921 0.96045 

   --- --- --- 

15 335.0 85.4 117a → 122a 0.0228657 0.61108 

   116a → 121a --- 0.12381 

19 334.8 85.4 114a → 121a 0.0004394 0.68195 

   115a → 121a --- 0.24704 

25 321.7 88.9 115a → 122a 0.0021238 0.61609 

   114a → 122a --- 0.16497 
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Table C.1L. Compound 1 with Ni–C distance of 3.20 Å – CASSCF/QD-NEVPT2 

lowest transition energies in CPCM(THF). 8o, 10e Active Space – 25 triplet roots, 15 

singlet roots. Orbitals (in order for CI vector notation below): d(xy), d(yz), d(z2), d(xz), 

bonding d(x2-y2)/C(sp2), d(x2-y2)/C(sp2)*, π*(1), π*(2).   
State Root Multiplicity ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 22211110 --- 0.5994 

     22212010 --- 0.1042 

     22112110 --- 0.0579 

1 0 3 9220.8 3.1 22211110 --- 0.7413 
     

22112110 --- 0.0631 

2 1 3 4238.2 6.8 22121110 --- 0.8175 
     

22122010 --- 0.1200 

3 1 1 3665.3 7.8 22121110 0.0000056 0.8154 
     

22122010 --- 0.1208 

4 2 3 3436.2 8.3 22211110 --- 0.7508 
     

22212010 --- 0.0904 

5 3 3 2779.3 10.3 22121110 --- 0.9893 
     

12221110 --- 0.0030 

6 4 3 2465.5 11.6 21221110 --- 0.7577 
     

21222010 --- 0.1076 

7 2 1 2439.5 11.7 21221110 0.0000012 0.6968 
     

21222010 --- 0.1037 

8 5 3 2034.0 14.1 21221110 --- 0.8601 
     

22211110 --- 0.0519 

9 3 1 1185.6 24.1 22220110 0.0001996 0.7437 
     

22221010 --- 0.0721 

10 6 3 1184.1 24.1 22220110 --- 0.7898 
     

22221010 --- 0.0749 

11 4 1 1117.7 25.6 22211101 0.0501900 0.6199 
     

22212001 --- 0.0954 

12 5 1 1102.6 25.9 21212110 0.0046113 0.3668 
     

12221110 --- 0.3589 

13 7 3 1070.5 26.7 12221110 --- 0.4548 
     

21212110 --- 0.4330 

14 8 3 1050.9 27.2 22121101 --- 0.8032 
     

22122001 --- 0.1181 

15 9 3 1043.3 27.4 22211101 --- 0.7337 
     

22212001 --- 0.0821 

16 6 1 1042.0 27.4 22121101 0.0000466 0.8118 
     

22122001 --- 0.1196 

17 10 3 1008.1 28.4 12221110 --- 0.4842 
     

21212110 --- 0.4145 

18 11 3 994.2 28.8 22211101 --- 0.8211 
     

22112101 --- 0.0703 

19 12 3 960.4 29.8 22121101 --- 0.9873 
     

12221101 --- 0.0030 

20 7 1 896.2 31.9 21221101 0.0028482 0.7468 
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     21222001 --- 0.1085 

 

Table C.1M. Compound 1 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state with Ni–C distance of 3.20 Å – CASSCF/QD-NEVPT2 in gas 

phase. 8o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order for CI 

vector notation below): d(xy), d(yz), d(z2), d(xz), bonding d(x2-y2)/C(sp2), d(x2-

y2)/C(sp2)*, π*(1), π*(2).   

CI Vector Transition Contribution 

22211110 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 0.5998 

22212010 d(xz) → π*(1) 0.1057 

22221100 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0567 

22112110 d(xz) + d(z2) → d(x2-y2)/C(sp2)* + π*(1) 0.0549 

22210210 d(xz) + 2x[bonding d(x2-y2)/C(sp2)] → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0472 

21221110 d(yz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 0.0434 

22211101 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(2) 0.0273 

11222110 d(yz) + d(xy) → d(x2-y2)/C(sp2)* + π*(1) 0.0170 

22222000 Closed shell singlet (CSS) d8 0.0105 

21222010 d(yz) → π*(1) 0.0067 

22212001 d(xz) → π*(2) 0.0047 

22122100 d(z2) → d(x2-y2)/C(sp2)* 0.0034 

21220210 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0034 

12212110 d(xy) + d(xz) → d(x2-y2)/C(sp2)* + π*(1) 0.0032 

 

Table C.1N. Compound 1 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state with Ni–C distance of 3.20 Å – CASSCF/QD-NEVPT2 with 

CPCM(THF). 8o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order 

for CI vector notation below): d(xy), d(yz), d(z2), d(xz), bonding d(x2-y2)/C(sp2), d(x2-

y2)/C(sp2)*, π*(1), π*(2).   
CI Vector Transition Contribution 

22211110 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 0.5994 

22212010 d(xz) → π*(1) 0.1042 

22112110 d(xz) + d(z2) → d(x2-y2)/C(sp2)* + π*(1) 0.0579 

22221100 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0560 

21221110 d(yz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 0.0463 

22210210 d(xz) + 2x[bonding d(x2-y2)/C(sp2)] → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0463 

22211101 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(2) 0.0254 

11222110 d(yz) + d(xy) → d(x2-y2)/C(sp2)* + π*(1) 0.0169 

22222000 Closed shell singlet (CSS) d8 0.0102 

21222010 d(yz) → π*(1) 0.0071 

22212001 d(xz) → π*(2) 0.0043 

22122100 d(z2) → d(x2-y2)/C(sp2)* 0.0035 

21220210 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0035 

12212110 d(xy) + d(xz) → d(x2-y2)/C(sp2)* + π*(1) 0.0029 
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Table C.1O. Leadings terms of CI-vector for T0 (first triplet manifold reached from 

vertical excitation of singlet ground state) of 1 in Figure 4.4. In the vicinity of the 

equilibrium geometry, the CI-vector is dominated by 3d-d transitions. Note that using the 

relaxed, DFT optimized Td triplet geometries of 1 (surfaces shown in Figure 4.1), the 

ground state triplet CI-vector is very heavily dominated by the [d(x2-y2)]1[d(z2)/C(sp2)*]1 
3d-d configuration (65% at the 1.9 Å equilibrium geometry, Figure C.1H). For T0, at long 

Ni–C distances, the transition d(xz) →  π*(1) is very dominant, but still less so than in the 

repulsive manifold shown in black, and assigned to the aforementioned transition, in Figure 

4.4.  
Ni–C 

Distance 

(Å) Weight Transition 
1.60 0.8420 d(z2) → π*(1) 

 0.0669 d(xy) → π*(1) 

1.80 0.7339 d(z2) → π*(1) 

 0.0867 d(xy) → π*(1) 

1.89 0.4035 d(z2) → d(x2-y2)/C(sp2)* 

 0.1917 d(xz)→ π*(1) 

2.20 0.4499 d(xz) → d(x2-y2)/C(sp2)* 

 0.1777 d(yz) → d(x2-y2)/C(sp2)* 

2.40 0.5278 d(z2) → d(x2-y2)/C(sp2)* 

 0.2942 d(z2) + bonding d(x2-y2)/C(sp2) → 2x[d(x2-y2)/C(sp2)*] 

2.60 0.4220 dz2→ π*(1) 

 0.4045 d(z2) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

2.80 0.5427 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.2368 d(xz) → π*(1) 

3.00 0.6998 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.0650 d(xz) → π*(1) 

3.20 0.7446 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.0600 d(z2) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

3.40 0.7572 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.0610 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)*  

3.60 0.7627 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.0617 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 
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Table C.1P. Spin Contamination Values from BSS Calculation and Yamaguchi 

Correction1,2 BSS Energy of 1. Using <S2> values and energies for the triplet and BSS 

solutions for the same geometry, α = <S2>trip./( <S2>trip. - <S2>BSS), β = <S2>BSS/( <S2>trip. - 

<S2>BSS), and EYamaguchi = αEBSS – βEtrip. 
Ni–C 

Dist. 

(Å) 

<S2> 

S=1 

<S2> 

BSS 
α β 

Energy 

S=1/ 

kcal mol-1 

Energy 

BSS/ 

kcal mol-1 

Energy 

Yamaguchi/ 

kcal mol-1  
1.60 2.01 0.00 1.00 0.00 72.8 22.4 22.4 

1.80 2.01 0.00 1.00 0.00 43.6 1.9 1.9 

1.89 2.01 0.00 1.00 0.00 38.3 0.0 0.0 

2.00 2.01 0.00 1.00 0.00 35.8 1.1 1.1 

2.20 2.01 0.00 1.00 0.00 37.2 8.2 8.2 

2.40 2.01 0.00 1.00 0.00 42.0 17.8 17.8 

2.60 2.02 0.24 1.13 0.13 47.0 27.3 24.7 

2.80 2.03 0.51 1.34 0.34 48.1 34.0 29.1 

3.00 2.03 0.71 1.53 0.53 47.0 38.2 33.5 

3.20 2.03 0.83 1.70 0.70 46.2 40.9 37.1 

3.40 2.03 0.92 1.82 0.82 45.5 42.4 39.9 

3.60 2.03 0.96 1.91 0.91 45.0 43.3 41.7 

Table C.1Q. Compound 1 (S=0) – Decomposition of Leading Configuration in the Singlet 

Ground State into Specific Spin Arrangements – Ni–C distance of 3.6 Å and 3.4 Å – 

CASSCF/QD-NEVPT2 in gas phase. 8o, 10e Active Space – 25 triplet roots, 15 singlet 

roots.   

3.6 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

222dduu0 (d(xz))down(d(x2-y2))down(Csp2)*up(π*(1))up  -0.486 0.236 

222dudu0 (d(xz))down(d(x2-y2))up(Csp2)*down(π*(1))up  0.284 0.081 

222uddu0 (d(xz))up(d(x2-y2))down(Csp2)*down(π*(1))up  0.202 0.041 

222duud0 (d(xz))down(d(x2-y2))up(Csp2)*up(π*(1))down  0.202 0.041 

222udud0 (d(xz))up(d(x2-y2))down(Csp2)*up(π*(1))down  0.284 0.081 

222uudd0 (d(xz))up(d(x2-y2))up(Csp2)*down(π*(1))down  -0.486 0.236 

   Total 

Weight: 

0.716 

3.4 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

222dduu0 (d(xz))down(d(x2-y2))down(Csp2)*up(π*(1))up  0.470 0.221 

222dudu0 (d(xz))down(d(x2-y2))up(Csp2)*down(π*(1))up  -0.274 0.075 

222uddu0 (d(xz))up(d(x2-y2))down(Csp2)*down(π*(1))up  -0.196 0.039 

222duud0 (d(xz))down(d(x2-y2))up(Csp2)*up(π*(1))down  -0.196 0.039 

222udud0 (d(xz))up(d(x2-y2))down(Csp2)*up(π*(1))down  -0.274 0.075 

222uudd0 (d(xz))up(d(x2-y2))up(Csp2)*down(π*(1))down  0.470 0.221 

  
 Total 

Weight: 

0.670 
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Table C.1R. Compound 1 (S=1) – Decomposition of Leading Configuration in the 

Triplet Ground State into Specific Spin Arrangements – Ni–C distance of 3.6 Å and 3.4 Å 

– CASSCF/QD-NEVPT2 in gas phase. 8o, 10e Active Space – 25 triplet roots, 15 singlet 

roots.   

3.6 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

222duuu0 (d(yz))down(d(x2-y2))up(Csp2)*up(π*(1))up  0.390 0.152 

222uduu0 (d(yz))up(d(x2-y2))down(Csp2)*up(π*(1))up  0.282 0.080 

222uudu0 (d(yz))up(d(x2-y2))up(Csp2)*down(π*(1))up  0.048 0.002 

222uuud0 (d(yz))up(d(x2-y2))up(Csp2)*up(π*(1))down  -0.720 0.519 

   Total 

Weight: 
0.753 

3.4 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

222duuu0 (d(yz))down(d(x2-y2))up(Csp2)*up(π*(1))up  0.358 0.128 

222uduu0 (d(yz))up(d(x2-y2))down(Csp2)*up(π*(1))up  0.253 0.064 

222uudu0 (d(yz))up(d(x2-y2))up(Csp2)*down(π*(1))up  0.085 0.007 

222uuud0 (d(yz))up(d(x2-y2))up(Csp2)*up(π*(1))down  -0.696 0.485 

  
 Total 

Weight: 
0.684 
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C.C. Figures Part 1: Compound 1 

 

 
Figure C.1A. Top: square planar equilibrium geometry of compound 1 (S=0), and bottom: 

tetrahedral equilibrium geometry of 1 (S=1) as calculated by DFT. Selected bond lengths 

and angles are shown.   
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Figure C.1B. Compound 1 (S=0) – Single point DFT frontier molecular orbital diagram. 

Orbitals are offset for clarity. 

 

 
 

 

  



 

 

230 

 

Figure C.1C. Compound 1 (S=0) – CASSCF/QD-NEVPT2 9o, 10e Active Space. 
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Figure C.1D. Compound 1 (S=1) – Single point DFT frontier molecular orbital diagram, 

with α orbitals on the left and β orbitals on the right. α and β orbitals are also offset for 

clarity. 
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Figure C.1E. Compound 1 (S=1) – CASSCF/QD-NEVPT2 7o, 10e Active Space. 

 

Figure C.1F. Broken symmetry singlet TDDFT excitations along the Ni–C coordinate of 

1 show no repulsive excited states. Spin-contaminated BSS calculations gave a Ni–C BDE 

of 43.3 kcal mol-1, while the Yamaguchi corrected Ni–C BDE is only marginally different, 

at 41.7 kcal mol-1.  
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Figure C.1G. Overlay of the experimental (THF) and calculated UV-vis spectrum of the 

equilibrium structure of 1. The TDDFT calculated spectrum (CPCM(THF)) in this research 

aligns well with that previously reported.3 The CASSCF/QD-NEVPT2 spectrum is spin-

orbit coupling corrected with CPCM(THF). Note that the relative oscillator strengths of the 

lower energy MLCT transitions are partially over-estimated in the CASSCF/QD-NEVPT2 

calculated spectrum. This spectrum also does not display the intramolecular bpy-based 

π→π* transitions, as the π orbitals are not part of the active space. 
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Figure C.1H. Plot of the dominant configurations that contribute to the ground state CI 

vector along the optimized triplet Ni–C bond elongation surface of 1. Note that for high 

spin 1, the ground state triplet is [d(x2-y2)]1[(dz2)/C(sp2)*]1, making a d(yz) → π*(1) 

transition yield an orbital configuration of [d(yz)]1[d(x2-y2)]1[(dz2)/C(sp2)*]1[π*(1)]1. 
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Figure C.1I. Higher energy vibrational frequency in 1 that exhibits a Ni–C bond stretching 

mode.  
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C.D. Tables Part 2: Compound 2 

Table C.2A. Compound 2 – TDDFT lowest transition energies with CPCM(THF).   
State Root Mult. ΔE/nm ΔE/kcal mol-1 Transition fosc Contribution 

0 0 1 --- --- --- --- --- 
     --- --- --- 

1 1 3 869.2 32.9 90a →  94a --- 0.88196 
     84a →  94a --- 0.03221 

2 4 3 840.6 34.0 90a →  91a --- 0.95884 
     90a →  92a --- 0.01518 

3 2 3 700.1 40.8 88a →  94a --- 0.79230 
     87a →  94a --- 0.11738 

4 1 1 685.0 41.7 90a →  91a 0.0008022 0.97220 
     --- --- --- 

5 13 3 654.9 43.7 87a →  94a --- 0.76446 
     88a →  94a --- 0.09933 

6 3 3 647.7 44.1 89a →  91a --- 0.76152 
     87a →  91a --- 0.12192 

7 8 3 621.1 46.0 88a →  91a --- 0.84342 
     87a →  91a --- 0.01896 

8 6 3 597.5 47.8 87a →  91a --- 0.80903 
     89a →  91a --- 0.09728 

9 7 3 561.6 50.9 89a →  94a --- 0.27140 
     85a →  94a --- 0.20986 

10 5 3 515.1 55.5 88a →  91a --- 0.43424 
     90a →  94a --- 0.38209 

11 2 1 499.1 57.3 88a →  91a 0.0049816 0.43424 
     90a →  94a --- 0.38209 

12 10 3 489.4 58.4 90a →  92a --- 0.63866 
     85a →  91a --- 0.28025 

13 11 3 473.1 60.4 85a →  91a --- 0.56985 
     90a →  92a --- 0.32997 

14 3 1 471.9 60.6 89a →  91a 0.0019717 0.60213 
     88a →  94a --- 0.25483 

15 12 3 456.8 62.6 90a →  93a --- 0.97175 
     --- --- --- 

16 9 1 437.6 65.3 90a →  92a 0.0004057 0.93755 
     85a →  91a --- 0.02892 

17 4 1 436.6 65.5 90a →  94a 0.0042122 0.44811 
     87a →  91a --- 0.21201 

18 11 1 428.9 66.7 86a →  91a 0.0009630 0.61475 
     90a →  93a --- 0.33337 

19 5 1 418.4 68.3 88a →  94a 0.0035092 0.61036 
     89a →  91a --- 0.28106 

20 8 1 414.8 68.9 87a →  91a 0.0473264 0.47012 
     88a →  91a --- 0.21114 
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Table C.2B-1. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies in the 

gas phase. 5o, 8e Active Space. 10 triplet roots, 10 singlet roots. Orbitals (in order for CI 

vector notation below): d(z2), d(xz), d(yz), d(xy), d(x2-y2).  
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 22220 --- 0.9515      
22022 --- 0.0127 

1 0 3 1175.9 24.3 12221 --- 0.9996      
--- --- --- 

2 1 3 963.0 29.7 22121 --- 0.8786      
21221 --- 0.0926 

3 2 3 891.6 32.1 21221 --- 0.8834      
22121 --- 0.0919 

4 3 3 627.0 45.6 22211 --- 0.9394      
21122 --- 0.0578 

5 1 1 420.7 68.0 12221 0.0000621 0.9806      
20222 

 
0.0088 

6 2 1 407.6 70.1 22121 0.0000131 0.9097      
21221 

 
0.0496 

7 3 1 391.7 73.0 21221 0.0001101 0.9245      
22121 

 
0.0488 

8 4 1 385.2 74.2 22211 0.0000915 0.9826      
22121 

 
0.0155 

9 4 3 293.2 97.5 12212 --- 0.9890      
22112 --- 0.0055 

10 5 3 288.5 99.1 22112 --- 0.7613      
21212 --- 0.0649 
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Table C.2B-2. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies with 

CPCM(THF). 5o, 8e Active Space – 10 triplet roots, 10 singlet roots. Orbitals (in order for 

CI vector notation below): d(z2), d(xz), d(yz), d(xy), d(x2-y2). 
State Root Mult, ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 22220 --- 0.9510 
     02222 --- 0.0211 

1 0 3 1237.6 23.1 12221 --- 0.9992 
     --- --- --- 

2 1 3 1011.0 28.3 22121 --- 0.9053 
     21221 --- 0.0672 

3 2 3 941.0 30.4 21221 --- 0.9075 
     22121 --- 0.0668 

4 3 3 635.5 45.0 22211 --- 0.9379 
     21122 --- 0.0611 

5 1 1 426.9 67.0 12221 0.0000485 0.9796 
     20222 --- 0.0090 

6 2 1 414.6 69.0 22121 0.0000040 0.9339 
     21221 --- 0.0351 

7 3 1 399.8 71.5 21221 0.0001066 0.9353 
     22121 --- 0.0359 

8 4 1 387.0 73.9 22211 0.0000935 0.9944 
     22121 --- 0.0048 

9 4 3 297.1 96.2 12212 --- 0.9759 
     21212 --- 0.0145 

10 5 3 293.3 97.5 22112 --- 0.7716 
     11222 --- 0.1477 
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Table C.2C-1. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies in the 

gas phase. 9o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order for 

CI vector notation below): bonding d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), d(z2), 

d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3). 
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 222220000 --- 0.5464 
     222120100 --- 0.1039 
     122221000 --- 0.0858 

1 0 3 970.1 29.5 222211000 --- 0.4539 
     122212000 --- 0.1696 

2 1 3 804.6 35.5 222121000 --- 0.6017 
     212221000 --- 0.1400 

3 2 3 758.2 37.7 212221000 --- 0.5703 
     222121000 --- 0.1536 

4 3 3 737.1 38.8 222210100 --- 0.5396 
     122220100 --- 0.2880 

5 1 1 729.4 39.2 222210100 0.0019683 0.5703 
     122220100 --- 0.2712 

6 4 3 642.1 44.5 222120100 --- 0.8142 
     122112100 --- 0.0417 

7 2 1 624.3 45.8 222120100 0.0905865 0.6714 
     212220100 --- 0.0655 

8 5 3 592.5 48.3 221221000 --- 0.6680 
     212122000 --- 0.0822 

9 6 3 571.6 50.0 212220100 --- 0.7675 
     212202100 --- 0.0438 

10 3 1 569.9 50.2 212220100 0.1206524 0.6956 
     112212100 --- 0.0370 

11 4 1 444.4 64.3 221220100 0.0003508 0.7306 
     212121100 --- 0.0444 

12 7 3 433.9 65.9 222210010 --- 0.4812 
     122220010 --- 0.2506 

13 5 1 432.7 66.1 222210010 0.0010716 0.4782 
     122220010 --- 0.2503 

14 8 3 429.9 66.5 221220100 --- 0.7217 
     212121100 --- 0.0699 

15 6 1 410.4 69.7 222120010 0.0274877 0.3593 
     222211000 --- 0.1504 

16 7 1 404.5 70.7 222120001 0.0141815 0.2505 
     222211000 --- 0.1880 

17 9 3 400.6 71.4 222120010 --- 0.7918 
     122112010 --- 0.0430 

18 8 1 399.8 71.5 222121000 0.0076735 0.4769 
     222120010 --- 0.0742 

19 9 1 396.4 72.1 222210001 0.0025346 0.3590 
     122220001 --- 0.1937 

20 10 3 389.0 73.5 222210001 --- 0.5095 
     122220001 --- 0.2709 
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Table C.2C-2. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies with 

CPCM(THF). 9o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order 

for CI vector notation below): bonding d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), d(z2), 

d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3). 
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 222220000 --- 0.5730 

          222120100 --- 0.1468 

          122221000 --- 0.0958 

1 0 3 881.1 32.4 222211000 --- 0.7022 

          122212000 --- 0.1274 

2 1 3 794.6 36.0 222210100 --- 0.7593 

          022212100 --- 0.0692 

3 1 1 768.5 37.2 222210100 0.0013739 0.7523 

          022212100 --- 0.0686 

4 2 3 747.1 38.3 221221000 --- 0.4723 

          222121000 --- 0.2884 

5 3 3 698.1 41.0 222121000 --- 0.3430 

          221221000 --- 0.2101 

6 4 3 681.7 41.9 222120100 --- 0.5581 

          222121000 --- 0.1158 

7 2 1 645.2 44.3 221220100 0.0410929 0.4915 

          222120100 --- 0.2839 

8 5 3 606.9 47.1 221220100 --- 0.7427 

          222120100 --- 0.0615 

9 3 1 577.4 49.5 221220100 0.1644325 0.3046 

          222120100 --- 0.2834 

10 6 3 570.0 50.2 212221000 --- 0.7017 

          221122000 --- 0.0669 

11 4 1 461.1 62.0 212220100 0.0001703 0.7321 

          221121100 --- 0.0719 

12 7 3 451.1 63.4 222210010 --- 0.3902 

          212220100 --- 0.3515 

13 8 3 449.1 63.7 212220100 --- 0.4083 

          222210010 --- 0.3346 

14 5 1 448.7 63.7 222210010 0.0030332 0.6533 

          222120010 --- 0.0760 

15 6 1 439.7 65.0 222120010 0.1016451 0.4437 

          221220010 --- 0.1562 

16 9 3 416.2 68.7 222120010 --- 0.7280 

          22122010 --- 0.0705 

17 7 1 413.6 69.1 222210001 0.0097205 0.5953 

          222211000 --- 0.1138 

18 10 3 402.8 71.0 222210001 --- 0.7274 

          022212001 --- 0.0661 

19 8 1 397.2 72.0 222121000 0.0315108 0.2618 

          222120001 --- 0.1434 

20 9 1 392.8 72.8 222121000 0.0000160 0.2800 
       212221000 --- 0.2335 
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Table C.2C-3. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies in gas 

phase 9o, 10e Active Space – 25 triplet roots, 25 singlet roots. Orbitals (in order for CI 

vector notation below): d(z2), d(xz), d(xy), d(yz), bonding d(x2-y2)/C(sp2), 

d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3). 
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 222220000 --- 0.5529 
     222211000 --- 0.1358 
     222120100 --- 0.0884 

1 0 3 1069.5 26.7 122221000 --- 0.4330 
     222211000 --- 0.2996 

2 1 3 814.6 35.1 212221000 --- 0.4162 
     222121000 --- 0.3044 

3 2 3 776.5 36.8 222121000 --- 0.4340 
     212221000 --- 0.2879 

4 3 3 739.2 38.7 122220100 --- 0.4187 
     222210100 --- 0.3986 

5 1 1 731.2 39.1 122220100 0.0032771 0.4253 
     222210100 --- 0.3978 

6 4 3 644.6 44.4 222120100 --- 0.8188 
     122112100 --- 0.0443 

7 2 1 634.3 45.1 222120100 0.1012976 0.7104 
     222211000 --- 0.0384 

8 5 3 568.6 50.3 212220100 --- 0.4565 
     221221000 --- 0.2881 

9 3 1 565.3 50.6 212220100 0.0896286 0.7351 
     212202100 --- 0.0675 

10 6 3 558.8 51.2 221221000 --- 0.3895 
     212220100 --- 0.3283 

11 7 3 471.8 60.6 221220100 --- 0.6713 
     212121100 --- 0.0636 

12 8 3 467.7 61.1 122220010 --- 0.3885 
     222210010 --- 0.3303 

13 4 1 448.0 63.8 221220100 0.0026610 0.7014 
     221202100 --- 0.0521 

14 5 1 436.5 65.5 122220010 0.0021410 0.3993 
     222210010 --- 0.3394 

15 6 1 421.5 67.8 222120010 0.0471175 0.2936 
     122221000 --- 0.1924 

16 9 3 406.0 70.4 222120010 --- 0.7977 
     122112010 --- 0.0460 

17 7 1 398.6 71.7 222121000 0.0012705 0.6168 
     122122000 --- 0.0491 

18 8 1 397.8 71.9 222120010 0.0337901 0.2880 
     122221000 --- 0.1805 

19 10 3 390.3 73.3 122220001 --- 0.4339 
     222210001 --- 0.3609 

20 9 1 389.5 73.4 221221000 0.0056080 0.5974 
     122220001 --- 0.0506 



 

 

242 

Table C.2C-4. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies with 

CPCM(THF). 9o, 10e Active Space – 25 triplet roots, 25 singlet roots. Orbitals (in order 

for CI vector notation below): d(z2), d(xz), d(xy), d(yz), bonding d(x2-y2)/C(sp2), 

d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3). 
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 222220000 --- 0.5464 
     222120100 --- 0.1039 
     222211000 --- 0.0853 

1 0 3 970.1 29.5 222211000 --- 0.4539 
     122221000 --- 0.2912 

2 1 3 804.6 35.5 222121000 --- 0.6017 
     212221000 --- 0.1400 

3 2 3 758.2 37.7 212221000 --- 0.5703 
     222121000 --- 0.1536 

4 3 3 737.1 38.8 222210100 --- 0.5396 
     122220100 --- 0.2880 

5 1 1 729.4 39.2 222210100 0.0019683 0.5703 
     122220100 --- 0.2712 

6 4 3 642.1 44.5 222120100 --- 0.8142 
     122112100 --- 0.0417 

7 2 1 624.3 45.8 222120100 0.0905865 0.6714 
     212220100 --- 0.0655 

8 5 3 592.5 48.3 221221000 --- 0.6680 
     212122000 --- 0.0822 

9 6 3 571.6 50.0 212220100 --- 0.7675 
     112212100 --- 0.0416 

10 3 1 569.9 50.2 212220100 0.1206524 0.6956 
     212202100 --- 0.0386 

11 4 1 444.4 64.3 221220100 0.0003508 0.7306 
     212121100 --- 0.0444 

12 7 3 433.9 65.9 222210010 --- 0.4812 
     122220010 --- 0.2506 

13 5 1 432.7 66.1 222210010 0.0010716 0.4782 
     122220010 --- 0.2503 

14 8 3 429.9 66.5 221220100 --- 0.7217 
     212121100 --- 0.0699 

15 6 1 410.4 69.7 222120010 0.0274877 0.3593 
     222211000 --- 0.1504 

16 7 1 404.5 70.7 222120001 0.0141815 0.2505 
     222211000 --- 0.1880 

17 9 3 400.6 71.4 222120010 --- 0.7918 
     122112010 --- 0.0430 

18 8 1 399.8 71.5 222120010 0.0076735 0.4769 
     222120010 --- 0.0742 

19 9 1 396.4 72.1 222210001 0.0025346 0.3590 
     122220001 --- 0.1937 

20 10 3 389.0 73.5 222210001 --- 0.5095 
     122220001 --- 0.2709 
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Table C.2D-1. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state in the gas phase. 9o, 10e Active Space – 25 triplet roots, 15 singlet 

roots. Orbitals: bonding d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), d(z2), d(x2-y2)/C(sp2)*, π*(1), 

π*(2), π*(3). 

CI Vector Transition Contribution 
222220000 Closed shell singlet (CSS) d8 0.5509 

222120100 d(yz) → π*(1) 0.1282 

122221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0888 

222210100 d(z2 ) → π*(1) 0.0619 

221220001 d(xz) → π*(3) 0.0363 

222120010 d(yz) → π*(2) 0.0194 

222211000 d(z2) → d(x2-y2)/C(sp2)* 0.0142 

022122100 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0134 

221220100 d(xz) → π*(1) 0.0075 

222202000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0068 

022212100 2x[bonding d(x2-y2)/C(sp2)] + d(z2) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0067 

220222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0058 

122121100 bonding d(x2-y2)/C(sp2) + d(yz) +  → d(x2-y2)/C(sp2)* + π*(1) 0.0057 

222022000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0057 

222210010 d(z2 ) → π*(2) 0.0054 

021222001 2x[bonding d(x2-y2)/C(sp2)] + d(xz) → 2x[d(x2-y2)/C(sp2)*] + π*(3) 0.0031 

122112100 bonding d(x2-y2)/C(sp2) + d(xz) + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0026 

Sum of CSS 55% 

Sum of all MLCT 26% 

Sum of all d-d 12% 

Sum of mixed MLCT + d-d 3.1% 
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Table C.2D-2. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state with CPCM(THF). 9o, 10e Active Space – 25 triplet roots, 15 

singlet roots. Orbitals: d(z2), d(xz), d(xy), d(yz), bonding d(x2-y2)/C(sp2), d(x2-y2)/C(sp2)*, 

π*(1), π*(2), π*(3).  

CI Vector Transition Contribution 
222220000 Closed shell singlet (CSS) d8 0.5730 

222120100 d(yz) → π*(1) 0.1468 

122221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0958 

221220001 d(xz) → π*(3) 0.0359 

222120010 d(yz) → π*(2) 0.0206 

222210100 d(z2 ) → π*(1) 0.0178 

222211000 d(z2) → d(x2-y2)/C(sp2)* 0.0160 

022122100 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0155 

221220100 d(xz) → π*(1) 0.0119 

222202000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0079 

122121100 bonding d(x2-y2)/C(sp2) + d(yz) +  → d(x2-y2)/C(sp2)* + π*(1) 0.0066 

220222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0063 

222022000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0059 

021222001 2x[bonding d(x2-y2)/C(sp2)] + d(xz) → 2x[d(x2-y2)/C(sp2)*] + π*(3) 0.0030 

122112100 bonding d(x2-y2)/C(sp2) + d(yz) + d(z2) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0025 

Sum of CSS 57% 

Sum of all MLCT 23% 

Sum of all d-d 13% 

Sum of mixed MLCT + d-d 2.8% 

Table C.2D-3. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state in gas phase. 9o, 10e Active Space – 25 triplet roots, 25 singlet 

roots. Orbitals: d(z2), d(xz), d(xy), d(yz), bonding d(x2-y2)/C(sp2), d(x2-y2)/C(sp2)*, π*(1), 

π*(2), π*(3).  
CI Vector Transition Contribution 

222220000 Closed shell singlet (CSS) d8 0.5529 

222211000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.1358 

222120100 d(yz) → π*(1) 0.0884 

122221000 d(z2) → d(x2-y2)/C(sp2)* 0.0547 

212220100 d(xz) → π*(1) 0.0274 

222120010 d(yz) → π*(2) 0.0265 

212220001 d(xz) → π*(3) 0.0246 

122212000 d(z2 ) + bonding d(x2-y2)/C(sp2) → 2x[d(x2-y2)/C(sp2)*] 0.0122 

202222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0070 

222022000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0069 

222102100 d(yz) + 2x[bonding d(x2-y2)/C(sp2)] → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0058 

122220100 d(z2 ) → π*(1) 0.0056 

122112100 d(z2 ) + d(yz) + bonding d(x2-y2)/C(sp2) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0052 

222120001 d(yz) → π*(3) 0.0051 

222210100 bonding d(x2-y2)/C(sp2) → π*(1) 0.0039 

022222000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0025 

Sum of CSS 55% 

Sum of all MLCT 18% 
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Sum of all d-d 21% 

Sum of mixed MLCT + d-d 2.3% 

 

Table C.2D-4. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state with CPCM(THF). 9o, 10e Active Space – 25 triplet roots, 25 

singlet roots. Orbitals: d(z2), d(xz), d(xy), d(yz), bonding d(x2-y2)/C(sp2), d(x2-y2)/C(sp2)*, 

π*(1), π*(2), π*(3).  

CI Vector Transition Contribution 
222220000 Closed shell singlet (CSS) d8 0.5464 

222120100 d(yz) → π*(1) 0.1039 

122221000 d(z2) → d(x2-y2) 0.0858 

222211000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0853 

212220100 d(xz) → π*(1) 0.0373 

212220001 d(xz) → π*(3) 0.0290 

222120010 d(yz) → π*(2) 0.0236 

122212000 d(z2 ) + bonding d(x2-y2)/C(sp2) → 2x[d(x2-y2)/C(sp2)*] 0.0122 

202222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0069 

222022000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0066 

122112100 d(z2 ) + d(yz) + bonding d(x2-y2)/C(sp2) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0063 

222120001 d(yz) → π*(3) 0.0056 

022122100 d(z2) + d(yz) → d(x2-y2) + π*(1) 0.0054 

222210100 bonding d(x2-y2)/C(sp2) → π*(1) 0.0053 

222102100 d(yz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 0.0030 

Sum of CSS 55% 

Sum of all MLCT 20% 

Sum of all d-d 20% 

Sum of mixed MLCT + d-d 1.5% 
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Table C.2E-1. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies in the 

gas phase. 10o, 12e Active Space – 20 triplet roots, 10 singlet roots. Orbitals (in order for 

CI vector notation below): bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xz), d(xy), 

d(yz), d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  

State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 
0 0 1 --- --- 2222220000 --- 0.6318 
     2222120100 --- 0.1391 
     2122221000 --- 0.0531 

1 0 3 1000.6 28.6 2222210100 --- 0.8429 
     2022212100 --- 0.0675 

2 1 1 960.9 29.8 2222210100 0.0021210 0.8218 
     2022212100  0.0667 

3 1 3 846.1 33.8 2222120100 --- 0.7748 
     2022122100 --- 0.0698 

4 2 1 775.8 36.9 2212220100 0.0192175 0.5127 
     2222120100  0.2761 

5 2 3 738.0 38.7 2212220100 --- 0.7239 
     2012222100 --- 0.0538 

6 3 3 714.1 40.0 2222211000 --- 0.7712 
     2122212000 --- 0.0802 

7 4 3 626.0 45.7 2212221000 --- 0.5501 
     2222121000 --- 0.2572 

8 3 1 619.0 46.2 2222120100 0.2167547 0.3590 
     2212220100  0.2585 

9 5 3 577.6 49.5 2222121000 --- 0.5793 
     2212221000 --- 0.2374 

10 4 1 560.2 51.0 2221220100 0.0023581 0.7622 
     2212121100  0.0553 

11 6 3 541.8 52.8 2221220100 --- 0.7308 
     2212121100 --- 0.0550 

12 7 3 524.8 54.5 2221221000 --- 0.6806 
     2221121100 --- 0.0483 

13 8 3 455.1 62.8 2222210010 --- 0.4270 
     2222210001 --- 0.4167 

14 5 1 433.8 65.9 2222210010 0.0146952 0.7914 
     2022212010  0.0650 

15 9 3 432.4 66.1 2222210001 --- 0.4282 
     2222210010 --- 0.4100 

16 10 3 405.7 70.5 2222120010 --- 0.5858 
     2212220010 --- 0.1251 

17 6 1 391.2 73.1 2221221000 0.0017318 0.6850 
     2222211000  0.0873 

18 7 1 373.8 76.5 2222211000 0.0037102 0.7321 
     2221221000  0.0891 

19 8 1 364.5 78.4 2222121000 0.0007688 0.4732 
     2212221000  0.3645 
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20 11 3 357.3 80.0 2212220010 --- 0.4398 
     2222120001 --- 0.1767 

Table C.2E-2. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies in the gas 

phase. 10o, 12e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order for CI 

vector notation below): bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), 

d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 2222220000 --- 0.5796 
     2222120100 --- 0.1775 
     2122221000 --- 0.0644 

1 0 3 922.3 31.0 2222210100 --- 0.8168 
     2022212100 --- 0.0659 

2 1 1 890.7 32.1 2222210100 0.00179 0.7846 
     2022212100 --- 0.0631 

3 1 3 809.4 35.3 2222211000 --- 0.4160 
     2222120100 --- 0.3302 

4 2 3 778.7 36.7 2222120100 --- 0.4159 
     2222211000 --- 0.3457 

5 2 1 720.5 39.7 2221220100 0.03340 0.5256 
     2222120100 --- 0.2310 

6 3 3 686.7 41.6 2221221000 --- 0.4526 
     2222121000 --- 0.3029 

7 4 3 675.3 42.3 2221220100 --- 0.7063 
     2021222100 --- 0.0498 

8 5 3 638.2 44.8 2222121000 --- 0.4856 
     2221221000 --- 0.3037 

9 3 1 632.0 45.2 2222120100 0.17525 0.3036 
     2221220100 --- 0.2534 

10 6 3 549.5 52.0 2212221000 --- 0.6054 
     2212121100 --- 0.0685 

11 4 1 517.8 55.2 2212220100 0.00051 0.7254 
     2221121100 --- 0.0611 

12 7 3 509.9 56.1 2212220100 --- 0.7244 
     2221121100 --- 0.0600 

13 8 3 489.3 58.4 2222210010 --- 0.7691 
     2022212010 --- 0.0670 

14 5 1 487.5 58.6 2222210010 0.00192 0.7185 
     2022212010 --- 0.0627 

15 6 1 458.8 62.3 2222120010 0.09519 0.4058 
     2221220010 --- 0.1885 

16 9 3 452.2 63.2 2222120010 --- 0.7398 
     2022122010 --- 0.0698 

17 7 1 442.8 64.6 2222210001 0.01268 0.7254 
     2022212001 --- 0.0617 

18 10 3 430.1 66.5 2222210001 --- 0.7692 
     2022212001 --- 0.0651 

19 8 1 430.0 66.5 2221220010 0.00571 0.5576 
     2222120010 --- 0.1065 
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20 11 3 409.9 69.7 2221220010 --- 0.6892 

     2221220001 --- 0.0620 
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Table C.2E-3. Compound 2 – CASSCF/QD-NEVPT2 Lowest transition energies with 

CPCM(THF). 10o, 12e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order 

for CI vector notation below): bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xy), d(xz), 

d(yz), d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 2222220000 --- 0.6012 
     2222120100 --- 0.1574 
     2122221000 --- 0.0715 

1 0 3 907.8 31.5 2222210100 --- 0.7864 
     2022212100 --- 0.0647 

2 1 3 816.4 35.0 2222211000 --- 0.7763 
     2122212000 --- 0.0980 

3 1 1 805.7 35.5 2222210100 0.0015632 0.7932 
     2022212100 --- 0.0651 

4 2 3 717.2 39.9 2222120100 --- 0.7553 
     2022122100 --- 0.0679 

5 2 1 666.5 42.9 2221220100 0.0318143 0.5075 
     2222120100 --- 0.2601 

6 3 3 656.2 43.6 2222121000 --- 0.3972 
     2221221000 --- 0.3808 

7 4 3 652.4 43.8 2222121000 --- 0.4020 
     2221221000 --- 0.3910 

8 5 3 633.5 45.1 2221220100 --- 0.7386 
     2222120100 --- 0.0451 

9 3 1 584.7 48.9 2222120100 0.1984600 0.3109 
     2221220100 --- 0.2682 

10 6 3 547.0 52.3 2212221000 --- 0.6240 
     2221122000 --- 0.0672 

11 4 1 487.9 58.6 2212220100 0.0005989 0.7323 
     2221121100 --- 0.0615 

12 7 3 477.5 59.9 2212220100 --- 0.7351 
     2221121100 --- 0.0610 

13 8 3 460.5 62.1 2222210010 --- 0.6676 
     2222210001 --- 0.1412 

14 5 1 456.2 62.7 2222210010 0.0029045 0.7120 
     2022212010 --- 0.0633 

15 6 1 443.5 64.5 2222120010 0.1027144 0.4285 
     2221220010 --- 0.1113 

16 9 3 429.7 66.5 2222210001 --- 0.6684 
     2222210010 --- 0.1350 

17 10 3 424.1 67.4 2222120010 --- 0.7429 
     2122121010 --- 0.0501 

18 7 1 410.1 69.7 2222210001 0.0097454 0.6190 
     2222211000 --- 0.0582 

19 8 1 398.6 71.7 2212221000 0.0169288 0.3458 
     2222210001 --- 0.1354 

20 11 3 391.6 73.0 2221220010 --- 0.7063 
     2221220001 --- 0.0557 
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Table C.2E-4. Compound 2 – CASSCF/QD-NEVPT2 lowest transition energies in the gas 

phase. 10o, 12e Active Space – 40 triplet roots, 25 singlet roots. Orbitals (in order for CI 

vector notation below): bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xz), d(yz), d(z2), 

d(xy), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3). 
State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 

0 0 1 --- --- 2222220000 --- 0.6252 
     2221220100 --- 0.0660 
     2212220100 --- 0.0637 

1 0 3 846.7 33.8 2222121000 --- 0.5072 
     2122221000 --- 0.1444 

2 1 3 791.3 36.1 2222120100 --- 0.5010 
     2222210100 --- 0.1672 

3 1 1 770.4 37.1 2222120100 0.0024769 0.5080 
     2222210100 --- 0.1611 

4 2 3 754.4 37.9 2221221000 --- 0.7900 
     2121222000 --- 0.0728 

5 3 3 706.9 40.4 2212221000 --- 0.6698 
     2122221000 --- 0.0929 

6 4 3 691.6 41.3 2221220100 --- 0.7037 
     2212220100 --- 0.0610 

7 2 1 660.5 43.3 2221220100 0.0915113 0.6732 
     2222220000 --- 0.0387 

8 5 3 622.2 46.0 2212220100 --- 0.6105 
     2122220100 --- 0.0586 

9 3 1 598.3 47.8 2212220100 0.0987239 0.5993 
     2122220100 --- 0.0634 

10 6 3 573.0 49.9 2222211000 --- 0.4666 
     2222121000 --- 0.1321 

11 4 1 476.0 60.1 2222210100 0.0009262 0.4903 
     2222120100 --- 0.2030 

12 7 3 473.2 60.4 2222210100 --- 0.5038 
     2222120100 --- 0.2033 

13 8 3 456.7 62.6 2222120010 --- 0.4563 
     2222210010 --- 0.1511 

14 5 1 454.8 62.9 2222120010 0.0020837 0.4470 
     2222210010 --- 0.1435 

15 6 1 428.3 66.8 2221220010 0.0399342 0.4974 
     2221220001 --- 0.2063 

16 9 3 424.5 67.4 2221220010 --- 0.6741 
     2212220010 --- 0.0759 

17 7 1 407.4 70.2 2222120001 0.0152654 0.4264 
     2122220001 --- 0.1124 

18 10 3 403.2 70.9 2222120001 --- 0.4598 
     2222210001 --- 0.1477 

19 8 1 399.7 71.5 2221220001 0.1277239 0.2755 
     2212220001 --- 0.1806 
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Table C.2F-1. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state in the gas phase. 10o, 12e Active Space – 20 triplet roots, 10 

singlet roots. Orbitals: bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xz), d(xy), d(yz), 

d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  
CI Vector Transition Contribution 
2222220000 Closed shell singlet (CSS) d8 0.6318 

2222120100 d(yz) → π*(1) 0.1391 

2122221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0531 

2212220100 d(xz) → π*(1) 0.0283 

2222120001 d(yz) → π*(3) 0.0237 

2022122100 2x[bonding d(x2-y2)/C(sp2)] + d(yz)→ 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0149 

2122121100 bonding d(x2-y2)/C(sp2) + d(yz) → d(x2-y2)/C(sp2)* + π*(1) 0.0142 

2212220010 d(xz) → π*(2) 0.0134 

2222202000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0088 

2222210100 d(z2 ) → π*(1) 0.0088 

2202222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0055 

2222022000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0050 

2122121001 bonding d(x2-y2)/C(sp2) + d(yz) + → d(x2-y2)/C(sp2)* + π*(3) 0.0045 

2022122001 2x[bonding d(x2-y2)/C(sp2)] + d(yz)→ 2x[d(x2-y2)/C(sp2)*] + π*(3) 0.0036 

2222120010 d(yz) → π*(2) 0.0031 

2222111100 d(yz) + d(z2 ) → d(x2-y2)/C(sp2)* + π*(1) 0.0029 

2112221100 bonding d(x2-y2)/C(sp2) + d(xz) → d(x2-y2)/C(sp2)* + π*(1) 0.0028 

2012222100 2x[bonding d(x2-y2)/C(sp2)] + d(xz)→ 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0027 

Sum of CSS 63% 

Sum of all MLCT 22% 

Sum of all d-d 7.2% 

Sum of mixed MLCT + d-d 4.6% 

 

  

20 9 1 395.7 72.3 2221221000 0.0091248 0.3478 
     2212220010 --- 0.1772 
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Table C.2F-2. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state in the gas phase. 10o, 12e Active Space – 25 triplet roots, 15 

singlet roots. Orbitals: bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), 

d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  
CI Vector Transition Contribution 

2222220000 Closed shell singlet (CSS) d8 0.5796 

2222120100 d(yz) → π*(1) 0.1775 

2122221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0644 

2222120010 d(yz) → π*(2) 0.0235 

2221220001 d(xz) → π*(3) 0.0218 

2022122100 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0174 

2222210100 d(z2) → π*(1) 0.0143 

2221220100 d(xz) → π*(1) 0.0121 

2122121100 bonding d(x2-y2)/C(sp2) + d(yz) → d(x2-y2)/C(sp2)* + π*(1) 0.0121 

2222202000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0083 

2222211000 d(z2) → d(x2-y2)/C(sp2)* 0.0079 

2220222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0056 

2222022000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0052 

2222111100 d(yz) + d(z2) → d(x2-y2)/C(sp2)* + π*(1) 0.0031 

2212221000 d(xy) → d(x2-y2)/C(sp2)* 0.0029 

2022122010 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → d(x2-y2)/C(sp2)* + π*(2) 0.0025 

Sum of CSS 58% 

Sum of all MLCT 25% 

Sum of all d-d 9.4% 

Sum of mixed MLCT + d-d 3.5% 
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Table C.2F-3. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state with CPCM(THF). 10o, 12e Active Space – 25 triplet roots, 15 

singlet roots. Orbitals: bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), 

d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3). 
CI Vector Transition Contribution 

2222220000 Closed shell singlet (CSS) d8 0.6012 

2222120100 d(yz) → π*(1) 0.1574 

2122221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0715 

2222120010 d(yz) → π*(2) 0.0222 

2221220001 d(xz) → π*(3) 0.0195 

2022122100 d(xz) → π*(1) 0.0165 

2222210100 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0157 

2221220100 bonding d(x2-y2)/C(sp2) + d(yz) → d(x2-y2)/C(sp2)* + π*(1) 0.0112 

2122121100 d(z2) → π*(1) 0.0099 

2222202000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0090 

2222211000 d(z2) → d(x2-y2)/C(sp2)* 0.0085 

2220222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0062 

2222022000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0057 

2222111100 d(yz) + d(z2) → d(x2-y2)/C(sp2)* + π*(1) 0.0028 

Sum of CSS 60% 

Sum of all MLCT 23% 

Sum of all d-d 10% 

Sum of mixed MLCT + d-d 3.0% 
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Table C.2F-4. Compound 2 – CASSCF/QD-NEVPT2 composition of the singlet 

equilibrium ground state in the gas phase. 10o, 12e Active Space – 40 triplet roots, 25 

singlet roots. Orbitals: bonding d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xz), d(yz), d(z2), 

d(xy), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3).  
CI Vector Transition Contribution 

2222220000 Closed shell singlet (CSS) d8 0.6252 

2221220100 d(yz) → π*(1) 0.0660 

2212220100 d(xz) → π*(1) 0.0637 

2122221000 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 0.0441 

2212220001 d(xz) → π*(3) 0.0200 

2221220010 d(yz) → π*(2) 0.0188 

2222121000 d(z2) → d(x2-y2)/C(sp2)* 0.0150 

2221220001 d(yz) → π*(3) 0.0127 

2222211000 d(xy) → d(x2-y2)/C(sp2)* 0.0104 

2122220100 bonding d(x2-y2)/C(sp2)* → π*(1) 0.0098 

2212220010 d(xz) → π*(2) 0.0077 

2220222000 2x[d(yz)] → 2x[d(x2-y2)/C(sp2)*] 0.0061 

2221121100 d(yz) + d(z2) → d(x2-y2)/C(sp2)* + π*(1) 0.0055 

2202222000 2x[d(xz)] → 2x[d(x2-y2)/C(sp2)*] 0.0055 

2222022000 2x[d(z2)] → 2x[d(x2-y2)/C(sp2)*] 0.0047 

2122220001 bonding d(x2-y2)/C(sp2) → π*(3) 0.0046 

2021222100 2x[bonding d(x2-y2)/C(sp2)] + d(yz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0045 

2212221000 d(xz) → d(x2-y2)/C(sp2)* 0.0041 

2012222100 2x[bonding d(x2-y2)/C(sp2)] + d(xz) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 0.0036 

2121221100 bonding d(x2-y2)/C(sp2) + d(yz) → d(x2-y2)/C(sp2)* + π*(1) 0.0034 

2222120100 d(z2) → π*(1) 0.0032 

2112221100 bonding d(x2-y2)/C(sp2) + d(xz) → d(x2-y2)/C(sp2)* + π*(1) 0.0030 

2222210100 d(xy) → π*(1) 0.0026 

1222221000 bonding d(xy)/C(π) → d(x2-y2)/C(sp2)* 0.0026 

Sum of CSS 63% 

Sum of all MLCT 21% 

Sum of all d-d 9.3% 

Sum of mixed MLCT + d-d 2.0% 
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Table C.2G. Compound 2 –CASSCF/QD-NEVPT2 composition of the singlet equilibrium 

ground state while varying number roots. 9o, 10e Active Space – 25 triplet roots, X singlet 

roots (where X ranged from 15 to 25). Orbitals: bonding d(x2-y2)/C(sp2), d(xy), d(xz), 

d(yz), d(z2), d(x2-y2)/C(sp2)*, π*(1), π*(2), π*(3). 10o, 12e Active Space – X triplet roots, 

Y singlet roots where X ranged from 20 to 40, and Y ranged from 10 to 25. Orbitals: bonding 

d(xy)/C(π), bonding d(x2-y2)/C(sp2), d(xy), d(xz), d(yz), d(z2), d(x2-y2)/C(sp2)*, π*(1), 

π*(2), π*(3).  

Weights of Three Most Dominant Terms in CI-Vector  (# Triplets / # Singlets) 

Active Spaces: 9 orbitals, 10 electrons 10 orbitals, 12 electrons 

Configuration 
25/15 

Gas 

25/15 

CPCM 

25/25 

Gas 

25/25 

CPCM 

20/10 

Gas 

25/15 

Gas 

25/15 

CPCM 

40/25 

Gas 

CSS 0.5509 0.5730 0.5529 0.5464 0.6318 0.5796 0.6012 0.6252 

d(yz) → π*(1) 0.1282 0.1468 0.0884 0.1039 0.1391 0.1775 0.1574 0.0660† 

d(x2-y2)/C(sp2)   → 

d(x2-y2)/C(sp2)* 
0.0888 0.0958 0.1358 0.0853‡ 0.0531 0.0644 0.0715 0.0441 

Sums of Weights 

Active Spaces: 9 orbitals, 10 electrons 10 orbitals, 12 electrons 

Configuration 
25/15 

Gas 

25/15 

CPCM 

25/25 

Gas 

25/25 

CPCM 

20/10 

Gas 

25/15 

Gas 

25/15 

CPCM 

40/25 

Gas 

CSS 55% 57% 55% 55% 63% 58% 60% 63% 

Sum of MLCT 26% 23% 18% 20% 22% 25% 23% 21% 

Sum of d-d 12% 13% 21% 20% 7.2% 9.4% 10% 9.3% 

Sum of MLCT+d-d 3.1% 2.8% 2.3% 1.5% 4.6% 3.5% 3.0% 2.0% 

Singlet → Singlet Transition Energies (kcal mol-1) 

Active Spaces: 9 orbitals, 10 electrons 10 orbitals, 12 electrons 

Transition 

25/1

5  

Gas 

25/15 

CPCM 

25/2

5  

Gas 

25/25 

CPCM 

20/1

0  

Gas 

25/15 

Gas 

25/15 

CPCM 

40/25 

Gas 

S0→S1 33.3 37.2 39.1 39.2 29.8 32.1 35.5 37.1 

S0→S2 40.6 44.3 45.1 45.8 36.9 39.7 42.9 43.3 

S0→S3 45.5 49.5 50.6 50.2 46.2 45.2 48.9 47.8 

S0→S4 58.1 62.0 63.8 64.3 51.0 55.2 58.6 60.1 

S0→S5 59.3 63.7 65.5 66.1 65.9 58.6 62.7 62.9 

S0→S6 63.7 65.0 67.8 69.7 73.1 62.3 64.5 66.8 

S0→S7 66.3 69.1 71.7 70.7 76.5 64.6 69.7 70.2 

S0→S8 68.2 72.0 71.9 71.5 78.4 66.5 71.7 71.5 

S0→S9 69.2 72.8 73.4 72.1 81.4 71.4 73.7 72.3 

S0→S10 73.0 74.1 73.5 74.3 --- 75.5 74.7 72.7 

S0→S11 74.6 75.3 75.2 74.8 --- 76.9 76.5 74.2 

S0→S12 75.9 77.7 77.2 75.7 --- 78.7 78.7 76.9 
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S0→S13 79.0 80.4 79.8 77.5 --- 80.2 81.2 77.2 

S0→S14 82.6 86.3 84.2 87.1 --- 112.7 116.2 84.2 
†d(xz) → π*(1) is 0.0637. ‡ d(z2) → d(x2-y2) is slightly higher at 0.0858.  
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Table C.2H-1. Compound 2 with Ni–C distance of 3.14 Å – CASSCF/QD-NEVPT2 

lowest transition energies in the gas phase. 8o, 10e Active Space – 25 triplet roots, 15 

singlet roots. Orbitals (in order for CI vector notation below): d(xz), d(yz), d(xy), d(z2), 

d(x2-y2), C(sp2)*, π*(1), π*(2).  †The lowest singlet and triplet roots are essentially isoenergetic.  

State Root Mult. ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 
0 0 3† --- --- 12221110 --- 0.4414 
     22211110 --- 0.0777 
     21221110 --- 0.0769 

1 0 1† 1.35E+05 0.2 12221110 --- 0.4544 
     22220110 --- 0.1621 

2 1 3 11691.9 2.4 22211110 0.0000185 0.5698 
     22211200 --- 0.1445 

3 1 1 6953.1 4.1 22211110 --- 0.7473 
     21221110 --- 0.0745 

4 2 3 6042.1 4.7 22211110 0.0000044 0.5075 
     21221110 --- 0.1900 

5 3 3 5510.1 5.2 22211110 0.0000638 0.3270 
     21221110 --- 0.3178 

6 2 1 4415.9 6.5 22220110 --- 0.4317 
     12221110 --- 0.2298 

7 4 3 3990.5 7.2 12221110 0.0000214 0.4491 
     22220110 --- 0.1777 

8 5 3 3896.3 7.3 21221110 0.0000363 0.6461 
     22220110 --- 0.1142 

9 3 1 3858.7 7.4 21221110 --- 0.7457 
     12221110 --- 0.0583 

10 6 3 3537.3 8.1 22220110 0.0000600 0.4848 
     12221110 --- 0.2458 

11 7 3 1142.4 25.0 22121110 0.0000216 0.4116 
     22121200 --- 0.1173 

12 4 1 1063.8 26.9 22121110 --- 0.5493 
     11222110 --- 0.2679 

13 8 3 1042.4 27.4 22121110 0.0000031 0.5686 
     11222110 --- 0.2627 

14 9 3 966.1 29.6 21221101 0.0536947 0.4585 
     12221101 --- 0.1746 

15 5 1 953.6 30.0 22211101 --- 0.4312 
     21221101 --- 0.2753 

16 10 3 947.7 30.2 22211101 0.0008840 0.7957 
     22211011 --- 0.0538 

17 6 1 916.4 31.2 22211101 --- 0.3968 
     21221101 --- 0.2779 

18 11 3 887.2 32.2 22211101 0.0003050 0.7210 
     21221101 --- 0.1448 

19 12 3 847.2 33.7 21221101 0.0000199 0.8183 
     21221011 --- 0.0548 

20 13 3 825.5 34.6 12221101 0.0035754 0.7783 
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     22121101 --- 0.0461 

 

Table C.2H-2. Compound 2 with Ni–C distance of 3.14 Å – CASSCF/QD-NEVPT2 

lowest transition energies with CPCM(THF). 8o,10e Active Space – 25 triplet roots, 15 

singlet roots. Orbitals (in order for CI vector notation below): d(xy), d(xz), d(z2), d(yz), 

d(x2-y2), C(sp2)*, π*(1), π*(2). †The lowest singlet and triplet roots are essentially isoenergetic.  

State Root Multiplicity ΔE/nm ΔE/kcal mol-1 CI Vector fosc Contribution 
0 0 3† --- --- 21221110  --- 0.4372 
       22121110  --- 0.1725 
       22211110  --- 0.0831 

1 0 1† 5.9E+04 0.5 21221110  --- 0.4877 
       22220110  --- 0.1626 

2 1 3 13662.2 2.1 22121110 0.0000327 0.5328 

          22211110  --- 0.1036 

3 1 1 7957.3 3.6 22121110  --- 0.8617 

          21221110  --- 0.0331 

4 2 3 6570.1 4.4 22121110 0.0000085 0.6242 

          22211110  --- 0.1966 

5 3 3 5735.6 5.0 22211110 0.0000302 0.3595 

          22121110  --- 0.2485 

6 2 1 4184.7 6.8 22220110  --- 0.5189 

          21221110  --- 0.1758 

7 4 3 4034.3 7.1 21221110 0.0000046 0.6509 

          22220110  --- 0.0728 

8 5 3 3982.8 7.2 22211110 0.0000565 0.7504 

          21221110  --- 0.0852 

9 3 1 3963.4 7.2 22211110  --- 0.7430 

          21221110  --- 0.1371 

10 6 3 3416.6 8.4 22220110 0.0000134 0.7020 

          21221110  --- 0.1408 

11 7 3 1144.3 25.0 12221110 0.0000176 0.5107 

          21212110  --- 0.2185 

12 4 1 1068.5 26.8 12221110  --- 0.6071 

          21212110  --- 0.2776 

13 8 3 1043.9 27.4 12221110 0.0000045 0.6244 

          21212110  --- 0.2658 

14 5 1 1007.8 28.4 22121101  --- 0.7969 

          21221101  --- 0.0324 

15 9 3 989.2 28.9 22121101 0.0042687 0.6679 

          22211101  --- 0.1223 

16 10 3 975.5 29.3 22121101 0.0457152 0.4067 

          22211101  --- 0.3207 

17 6 1 953.3 30.0 22211101  --- 0.6362 

          21221101  --- 0.1400 

18 11 3 925.9 30.9 22121101 0.0001487 0.6010 

          22211101  --- 0.3172 

19 12 3 883.5 32.4 22211101 0.0000838 0.8077 
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          21122101  --- 0.0425 

20 7 1 862.1 33.2 21221101  --- 0.6712 
       22211101   0.1758 
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Table C.2I-1. Compound 2 – CASSCF/QD-NEVPT2 composition with Ni–C distance 

of 3.14 Å – CASSCF/QD-NEVPT2 composition of the lowest singlet root in the gas phase. 

8o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order for CI vector 

notation below): d(xz), d(yz), d(xy), d(z2), d(x2-y2), C(sp2)*, π*(1), π*(2).   

CI Vector Transition Contribution 

12221110 d(xz) + d(x2-y2) → C(sp2)* + π*(1) 0.4544 

22220110 2x[d(x2-y2)] → C(sp2)* + π*(1) 0.1621 

22211110 d(z2) + d(x2-y2) → C(sp2)* + π*(1) 0.0698 

22220200 2x[d(x2-y2)] → 2x[C(sp2)*] 0.0422 

21221110 d(yz) + d(x2-y2) → C(sp2)* + π*(1) 0.0279 

22220020 2x[d(x2-y2)] → 2x[π*(1)] 0.0270 

12222010 d(xz) → π*(1) 0.0157 

21122110 d(yz) + d(xy) → C(sp2)* + π*(1) 0.0151 

21221101 d(yz) + d(x2-y2) → C(sp2)* + π*(2) 0.0149 

21212110 d(yz) + d(z2) → C(sp2)* + π*(1) 0.0144 

22121110 d(xy) + d(x2-y2) → C(sp2)* + π*(2) 0.0105 

12220210 d(xz) + 2x[d(x2-y2)] → 2x[C(sp2)*] + π*(1) 0.0092 

12222100 d(xz) → C(sp2)* 0.0067 

12221101 d(xz) + d(x2-y2) → C(sp2)* + π*(2) 0.0065 

22202110 2x[d(z2)] → C(sp2)* + π*(1) 0.0056 

20222110 2x[d(yz)] → C(sp2)* + π*(1) 0.0039 

02222110 2x[d(xz)] → C(sp2)* + π*(1) 0.0038 

 

Table C.2I-2. Compound 2 – CASSCF/QD-NEVPT2 composition with Ni–C distance of 

3.14 Å – CASSCF/QD-NEVPT2 composition of the lowest singlet root with CPCM(THF). 

8o, 10e Active Space – 25 triplet roots, 15 singlet roots. Orbitals (in order for CI vector 

notation below): d(xy), d(xz), d(z2), d(yz), d(x2-y2), C(sp2)*, π*(1), π*(2).   
CI Vector Transition Contribution 

21221110 d(yz) + d(x2-y2) → C(sp2)* + π*(1) 0.4877 

22220110 2x[d(x2-y2)] → C(sp2)* + π*(1) 0.1626 

22211110 d(z2) + d(x2-y2) → C(sp2)* + π*(1) 0.0842 

22221100 d(x2-y2) → C(sp2)* 0.0671 

22121110 d(xy) + d(x2-y2) → C(sp2)* + π*(1) 0.0307 

22220200 2x[d(x2-y2)] → 2x[C(sp2)*] 0.0273 

22112110 d(xy) + d(z2) → C(sp2)* + π*(1) 0.0189 

22220020 2x[d(x2-y2)] → 2x[π*(1)] 0.0149 

12212110 d(xz) + d(z2) → C(sp2)* + π*(1) 0.0136 

21222010 d(yz) → π*(1) 0.0123 

22211101 d(z2) + d(x2-y2) → C(sp2)* + π*(2) 0.0102 

12221110 d(xz) + d(x2-y2) → C(sp2)* + π*(1) 0.0087 

21220210 d(yz) + 2x[d(x2-y2)] → 2x[C(sp2)*] + π*(1) 0.0071 

22022110 2x[d(xy)] → C(sp2)* + π*(1) 0.0064 

21222100 d(xz) → C(sp2)* 0.0060 

22121101 d(xy) + d(x2-y2) → C(sp2)* + π*(2) 0.0053 

20222110 2x[d(yz)] → C(sp2)* + π*(1) 0.0044 

22202110 2x[d(z2)] → C(sp2)* + π*(1) 0.0038 
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21221101 d(yz) + d(x2-y2) → C(sp2)* + π*(2) 0.0028 

Table C.2J. Compound 2 – CASSCF/QD-NEVPT2 composition of the formal Ni(I) 

ground state while varying number of doublet roots. 8o, 9e Active Space – 25 quartet roots, 

X doublet roots (where X ranged from 15 to 45).  

CI-Vector Weights (# Quartets / # Doublets)  

Transition 25/15 CPCM 25/15 Gas 25/25 Gas 25/35 Gas 25/45 Gas 

d(xz) → π*(1) 0.6210 0.6788 0.6610 0.6567 0.6650 

d(x2-y2) → 

π*(1) 
0.0887 0.0995 0.1219 0.1153 0.1245 

formal Ni(I) 0.0671 0.0691 0.0680 0.0707 0.0693 

Doublet→Doublet Transition Energies (kcal mol-1) 

Transition 25/15 CPCM 25/15 Gas 25/25 Gas 25/35 Gas 25/45 Gas 

1 5.1 6.1 6.3 6.6 6.6 

2 7.4 7.7 7.8 8.0 8.0 

3 9.6 9.3 8.6 8.9 8.6 

4 26.8 27.0 25.8 26.2 26.3 

5 28.8 29.1 29.2 29.4 29.5 

6 32.4 33.3 33.7 34.0 34.1 

7 35.2 35.6 35.4 35.9 35.6 

8 37.0 37.9 35.8 36.2 36.3 

9 38.6 39.0 38.2 38.5 38.6 

10 41.2 41.3 39.3 39.6 39.6 

11 49.7 50.6 39.4 39.8 39.7 

12 50.8 51.7 41.6 42.0 42.1 

13 55.1 56.1 49.7 49.9 49.9 

14 57.3 58.7 50.8 51.1 50.9 
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Table C.2K. Leadings terms of CI-vector for the T0 (first triplet manifold reached from 

vertical excitation of singlet ground state) of 2 in Figure C.2J. Just past the equilibrium 

geometry, the CI-vector is dominated by 3d-d transitions. Note that using the relaxed, DFT 

optimized C4v triplet geometries of 2 (surfaces shown in Figure C.2G) the ground state 

triplet CI-vector is very heavily dominated by the [d(x2-y2)]1[d(z2)/C(sp2)*]1 3d-d transition 

(64% at the 1.95 Å equilibrium geometry, Figure C.2I bottom). At long Ni–C distances, 

the transition d(xz) → π*(1) becomes dominant, making for a [d(xz)]1[d(x2-

y2)]1[(dz2)/C(sp2)*]1[π*(1)]1 configuration.  

Ni–C Distance (Å) Weight Transition 
1.89 (equil.) 0.8168 d(z2) → π*(1) 

 0.0659 2x[bonding d(x2-y2)/C(sp2)] + d(z2) → 2x[d(x2-y2)/C(sp2)*] + π*(1) 

2.02 0.4339 d(z2) → d(x2-y2)/C(sp2)* 

 0.2551 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 

2.21 0.3666 bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* 

 0.2786 d(z2) → d(x2-y2)/C(sp2)* 

2.40 0.5334 d(z2) → d(x2-y2)/C(sp2)* 

 0.3130 d(z2) + bonding d(x2-y2)/C(sp2) → 2x[d(x2-y2)/C(sp2)*] 

2.60 0.4218 d(z2) →π*(1) 

 0.3788 d(z2) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

2.91 0.6157 d(z2) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.2267 d(z2) →π*(1) 

3.14 0.4414 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.0777 d(z2) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

3.31 0.5253 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.1070 2x[bonding d(x2-y2)/C(sp2)] → d(x2-y2)/C(sp2)* + π*(1) 

3.49 0.6173 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.1150 2x[bonding d(x2-y2)/C(sp2)] → d(x2-y2)/C(sp2)* + π*(1) 

3.71 0.2595 d(yz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.1641 2x[bonding d(x2-y2)/C(sp2)] → d(x2-y2)/C(sp2)* + π*(1) 

3.94 0.2298 d(yz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 

 0.2117 d(xz) + bonding d(x2-y2)/C(sp2) → d(x2-y2)/C(sp2)* + π*(1) 
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Table C.2L. Spin Contamination Values From BSS Calculation and Yamaguchi 

Correction1,2 BSS Energy of 2. Using <S2> values and energies for the triplet and BSS 

solutions for the same geometry, α = <S2>trip./( <S2>trip. - <S2>BSS), β = <S2>BSS/( <S2>trip. - 

<S2>BSS), and EYamaguchi = αEBSS – βEtrip. 
Ni–C 

Dist. 

(Å) 

<S2> 

S=1 

<S2> 

BSS 
α β 

Energy 

S=1/ 

kcal mol-1 

Energy 

BSS/ 

kcal mol-1 

Energy 

Yamaguchi/ 

kcal mol-1  
1.89 2.01 0.00 1.00 0.00 37.5 0.0 0.0 

2.02 2.01 0.00 1.00 0.00 34.6 1.5 1.5 

2.21 2.01 0.00 1.00 0.00 36.7 8.8 8.8 

2.40 2.01 0.00 1.00 0.00 41.7 18.3 18.3 

2.60 2.01 0.03 1.02 0.02 47.0 27.6 27.2 

2.91 2.04 0.50 1.33 0.33 51.7 39.6 35.6 

3.14 2.04 0.94 1.86 0.86 42.9 44.5 45.9 

3.31 2.04 0.98 1.93 0.93 44.3 45.4 46.4 

3.49 2.03 1.00 1.98 0.98 44.8 45.5 46.2 

3.71 2.03 1.02 2.00 1.00 44.8 45.3 45.7 

3.94 2.03 1.02 2.02 1.02 44.6 44.9 45.1 

 

Table C.2M. Compound 2 (S=0) – Decomposition of Leading Configuration in the Singlet 

Ground State into Specific Spin Arrangements – Ni–C distance of 3.5 Å and 3.3 Å – 

CASSCF/QD-NEVPT2 in gas phase. 8o, 10e Active Space – 25 triplet roots, 15 singlet 

roots.   

3.5 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

d222duu0 (d(xz))down(d(x2-y2))down(Csp2)*up(π*(1))up  -0.449 0.202 

d222udu0 (d(xz))down(d(x2-y2))up(Csp2)*down(π*(1))up  0.253 0.064 

u222ddu0 (d(xz))up(d(x2-y2))down(Csp2)*down(π*(1))up  0.197 0.039 

d222uud0 (d(xz))down(d(x2-y2))up(Csp2)*up(π*(1))down  0.197 0.039 

u222dud0 (d(xz))up(d(x2-y2))down(Csp2)*up(π*(1))down  0.253 0.064 

u222udd0 (d(xz))up(d(x2-y2))up(Csp2)*down(π*(1))down  -0.449 0.202 

   
Total 

Weight: 
0.608 

3.3 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

d222duu0 (d(xz))down(d(x2-y2))down(Csp2)*up(π*(1))up  -0.415 0.172 

d222udu0 (d(xz))down(d(x2-y2))up(Csp2)*down(π*(1))up  0.229 0.052 

u222ddu0 (d(xz))up(d(x2-y2))down(Csp2)*down(π*(1))up  0.186 0.035 

d222uud0 (d(xz))down(d(x2-y2))up(Csp2)*up(π*(1))down  0.186 0.035 

u222dud0 (d(xz))up(d(x2-y2))down(Csp2)*up(π*(1))down  0.229 0.052 

u222udd0 (d(xz))up(d(x2-y2))up(Csp2)*down(π*(1))down  -0.415 0.172 

  
 Total 

Weight: 
0.518 
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Table C.2N. Compound 2 (S=1) – Decomposition of Leading Configuration in the 

Triplet Ground State into Specific Spin Arrangements – Ni–C distance of 3.6 Å and 3.3 Å 

– CASSCF/QD-NEVPT2 in gas phase. 9o, 10e Active Space – 25 triplet roots, 15 singlet 

roots.   

3.6 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

2d22uuu00 (d(xz))down(d(x2-y2))up(Csp2)*up(π*(1))up  -0.353 0.125 

2u22duu00 (d(xz))up(d(x2-y2))down(Csp2)*up(π*(1))up  -0.245 0.060 

2u22udu00 (d(xz))up(d(x2-y2))up(Csp2)*down(π*(1))up  -0.015 0.000 

2u22uud00 (d(xz))up(d(x2-y2))up(Csp2)*up(π*(1))down  0.613 0.376 

   Total 

Weight: 
0.561 

3.3 Å Spin Det. Spin Arrangement in Singly Occupied Orbitals  Coefficient Weight 

2d22uuu00 (d(xz))down(d(x2-y2))up(Csp2)*up(π*(1))up  0.327 0.107 

2u22duu00 (d(xz))up(d(x2-y2))down(Csp2)*up(π*(1))up  0.228 0.052 

2u22udu00 (d(xz))up(d(x2-y2))up(Csp2)*down(π*(1))up  0.030 0.001 

2u22uud00 (d(xz))up(d(x2-y2))up(Csp2)*up(π*(1))down  -0.585 0.343 

   
Total 

Weight: 
0.502 
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C.E. Figures Part 2: Compound 2 

 

 

Figure C.2A. Top: square planar equilibrium geometry of compound 2 (S=0), and bottom: 

square pyramidal equilibrium geometry of 2 (S=1) as calculated by DFT. Selected bond 

lengths and angles are shown.  
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Figure C.2B. Compound 2 (S=0)– Single point DFT Frontier molecular orbital diagram. 

Orbitals are offset for clarity. 
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Figure C.2C. Compound 2 (S=0)– CASSCF/QD-NEVPT2 10o, 12e Active Space. 
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Figure C.2D. Compound 2 (S=1) – Single point DFT Frontier molecular orbital diagram, 

with α orbitals on the left and β orbitals on the right. α and β orbitals are also offset for 

clarity. 
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Figure C.2E. Compound 2 (S=1) – CASSCF/QD-NEVPT2 9o, 10e Active Space. 
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Figure C.2F. Comparison between the description given by DFT vs CASSCF/QD-

NEVPT2 of the formal Ni(I) product of 2 that results after Ni–C bond cleavage.  

 

 
Figure C.2G. Thermodynamics (DFT and CASSCF/QDNEVPT2) along Ni–C coordinate 

for 2.  
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Figure C.2H. DFT Loewdin spin density per group along the Ni–C coordinate for 2: (top) 

BSS and (bottom) UKS S=1.  
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Figure C.2I. Dominant CASSCF/QD-NEVPT2 CI vectors along the Ni–C coordinate for 

2: (top) S=0 and (bottom) S=1. Note that for high spin 2, the ground state triplet is 

[d(x2-y2)]1[(dz2)/C(sp2)*]1, making a d(xz) → π*(1) transition yield a configuration of 

[d(xz)]1[d(x2-y2)]1[(dz2)/C(sp2)*]1[π*(1)]1. 
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Figure C.2J. CASSCF/QD-NEVPT2 calculated relaxed ground and excited state PESs 

along the Ni–C coordinate of 2, with depictions of vertical excitation (black vertical arrow), 

the higher (A) and lower energy (B) manifolds of MLCTs, and the crossings between the 

higher energy MLCTs and the repulsive triplet surfaces (circled). Singlet states are shown 

with circles, triplets with squares.
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Figure C.2K. Broken symmetry singlet TDDFT (CPCM(THF)) excitations along the Ni–

C coordinate of 2 show a possible high energy repulsive state (red line) which is ~86 kcal 

mol-1 above the equilibrium ground state. Spin-contaminated BSS calculations gave a Ni–

C BDE of 45.1 kcal mol-1, while the Yamaguchi corrected Ni–C BDE is essentially 

identical, at 44.9 kcal mol-1. 

 

 

Figure C.2L. Higher energy vibrational frequency in 2 that exhibits a Ni–C bond stretching 

mode.  
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A p p e n d i x  D  

EXAMPLE ORCA SCRIPTS AND COMMENTARY 
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D.A. Example ORCA Input Script for DFT Optimization-Frequency Job 

# 
# Opt+Freq Calc. of Pentacene 
#  
! RKS BP86 6-31G(d) OPT FREQ RI TIGHTSCF GRID7 NOFINALGRID PrintBasis 
 
%basis 
auxJ "AutoAux" 
end 
  
%pal nprocs 16 
end 
%maxcore 18000 
 
%method  
Z_solver Pople 
end  
 
*xyz 0 1 
C          1.93200        2.20657        8.17285 
C         -0.19393        1.27313        7.46480 
C          2.56375        2.19304       10.54130 
C          0.43095        1.27163        9.83566 
C          1.31635        2.19171        5.80017 
C         -0.47867        0.97197        8.80744 
C          0.15243        0.95478       11.17612 
C         -0.80631        1.24630        5.09172 
C          1.02691        1.89746        7.14345 
C         -1.09762        0.95891        6.43553 
C          1.65110        1.89739        9.51445 
C          1.06733        1.24286       12.20241 
C          3.20565        2.15656       12.90638 
C          0.41738        1.87054        4.76966 
C          0.79445        0.91620       13.54118 
C         -1.70425        0.92217        4.06112 
C          0.71141        2.15336        3.42540 
C          2.28917        1.87092       11.88074 
C         -1.39688        1.20779        2.72997 
C         -0.18987        1.82266        2.41233 
C          1.71625        1.20431       14.54880 
C          2.92082        1.82422       14.23167 
H         -0.14124        0.43049       13.80888 
H          4.15305        2.63978       12.67829 
H          1.65015        2.63277        3.15703 
H         -1.42184        0.48848        9.05572 
H         -0.78993        0.47011       11.42465 
H         -2.04133        0.47655        6.68348 
H          2.87551        2.68933        7.92448 
H         -2.65228        0.44023        4.28926 
H          2.26025        2.67322        5.55131 
H          3.50682        2.67669       10.29345 
H          3.64041        2.04888       15.01456 
H          1.49287        0.94347       15.57995 
H          0.05219        2.04473        1.37633 
H         -2.09989        0.94868        1.94266 
*  

 



 

 

278 
D.B. Example ORCA Input Script for CASSCF Single Point Energy Calculation 

# CASSCF Free-Carbene Example 
 
! 6-311G(d) TIGHTSCF LargePrint PrintBasis  
 
%casscf  
nel 2 
norb 2 
mult 1 
nroots 2  
etol 1e-7 
printwf det  
end 
 
%maxcore 144000 
 
*xyz 0 1 
  C   -0.00781837672941     -1.43586261424484      3.32033592257988 
  C   -1.35319259365582     -1.20033328551954      3.98778114273479 
  C   0.11567135133220      0.97108844418197     -0.99859717177681 
  C   -0.14143531493726     -0.18548820254101     -0.13400807883545 
  C   -0.03821028317116     -0.14162826193536      1.31958158482758 
  O   0.09657455559851      0.89414947123754      1.94962736525179 
  O   -0.11214819087619     -1.36642597610828      1.87729367422681 
  H   -2.10287135437343     -1.89789785281239      3.60620051926157 
  H   -1.26485198181623     -1.35090481482347      5.06806149388776 
  H   -1.70084530454022     -0.18042810185983      3.81461614863469 
  H   0.73415507813258     -0.70977670769190      3.65698310989852 
  H   0.36251883697207     -2.44386644796001      3.50991554588733 
  H   -0.22637909771278      0.81076400371095     -2.02384043494263 
  H   -0.36983034405700      1.86987423608222     -0.59216209670185 
  H   1.19286180883415      1.19991272328394     -1.03651859193396 
* 

D.C. Additional Considerations and Comments Related to Input Examples 

 When performing a DFT geometry optimization followed by frequency calculations, using 

fine grids may help prevent obtaining small imaginary frequencies due to numerical noise. While 

the example for pentacene applies the ‘Pople’-solver for the CP-SCF equations (under the %method 

block), the ‘DIIS’ solver (often applied with a level-shift) is, from experience, very robust for 

successfully obtaining frequencies for transition metal complexes. Regarding determination of the 

requested amount of memory (specified in %maxcore), a common rule of thumb is to request only 

about 75% of the memory available from the requested computational resources. The CASSCF 

example is a state-averaged single point calculation on a free carbene using a two electrons in two 

orbitals active space (described in detail in Chapter 3 and Appendix B).

 


