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Abstract 
In this dissertation we set out to describe the excited state properties of organic 

molecules as well as the inherent reactivity of organic molecules from a computational 
perspective. In order to compute excitation energies, we use the particle-particle random 
phase approximation (pp-RPA) to the pairing matrix fluctuation. We apply the pp-RPA 
to a set of organic molecules that exhibit thermally activated delayed fluorescence. The 
charge-transfer excited states are accurately reproduced with the pp-RPA. This class of 
molecules represent the largest molecules studied with the pp-RPA. 

We also present method development to mitigate a shortcoming of the pp-RPA. 
Previously, the pp-RPA approach to computing excitation energies was limited to 
describing excitations that originate from the highest occupied molecular orbital 
(HOMO). We adopt a non-optimized pp-RPA reference, which allowed us to compute 
the valence excitation energies that originate from any orbital below the HOMO. This 
approach was applied to a set of benchmark organic molecules. 

With respect to molecular transformations, we provide computational insight to 
the regioselective hydroamination of unsaturated organic molecules with the aid of 
density functional theory (DFT). Using reactivity descriptors from conceptual DFT we 
uncover that the observed regioselectivity is driven by the inherent electrophilicity of 
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the organic molecule of interest. Our analysis provides insight into the controllable 
addition of N―H bond across an unsaturated olefin. 
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1. Introduction  
Theoretical chemistry plays a pivotal role in facilitating the interpretation of 

chemical reactivity by providing a route to accurately compute and predict molecular 
properties. Since the advent of quantum mechanics in the early 20th century, 
computational scientists have been developing approximate theories and methodologies 
to compute properties of atoms and molecules in order to circumvent the insolubility of 
Schrödinger equation (Schrödinger, 1926). Advances in quantum chemistry have made 
possible routine calculations using methods such as the Hartree-Fock theory, post-
Hartree-Fock wavefunction-based methods (Szabó & Ostlund, 1996), and density 
functional theory (DFT) (Robert G Parr & Yang, 1989). 

In this dissertation we present a handful of such efforts to better understand 
molecular chemistry with the use of quantum chemistry methods. The studies described 
within this dissertation are unrelated in the specific systems studied, but are related in 
that each chapter presents a problem and an approach to better understand chemistry at 
a molecular level. 

In Chapter 2, we present the computational efforts made to describe the 
phenomenon of thermally activated delayed fluorescence (TADF) in organic molecules. 
TADF is a metal-free mechanism that increases the electroluminescence efficiency of 
organic-light emitting diodes. The process of delayed fluorescence is facilitated by a 
small energy difference in the first singlet and triplet excited states, which is achieved 
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through donor-acceptor, or charge-transfer, excited states. Charge-transfer is poorly 
described with the typically used density functional approximations in DFT, and in this 
dissertation we demonstrate that this deficiency can be avoided by using the particle-
particle random phase approximation (pp-RPA) to the pairing matrix fluctuation to 
compute excitation energies.  

In this work, we apply an approximation to compute vertical absorption 
energies, which reduces the computational tasks, and demonstrate that such an 
approximation is valid for TADF molecules. Based on a structural relationship between 
the relevant excited states, described within Chapter 2, we show that the singlet-triplet 
energy splitting in the excited state is geometry independent. The accuracy of the pp-
RPA makes it possible to accurately reproduce the charge-transfer states of TADF 
molecules. Further, the vertical approximation to absorption energies greatly facilitates 
the evaluation of TADF molecules, as well as the discovery of TADF candidate 
molecules. 

In Chapter 3, we develop a protocol to address the deficiencies of the pp-RPA 
method used in Chapter 2. Specifically, the pp-RPA approach to computing excitation 
energies was limited to transitions that originate from the highest occupied molecular 
orbital (HOMO), making it impossible to evaluate transitions from lower lying non-
HOMO orbitals. The method that we present in this dissertation adopts a non-optimized 
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reference, which enables us to choose which orbitals are involved in the excitation 
energies. We apply this method to a set of benchmark organic molecules. 

An interesting outcome of this approach is that it allows us to access spin state 
energetics of transition metal complexes that are difficult to capture with DFT. The 
results for transition metal complexes are not discussed in this dissertation, but 
preliminary calculations are encouraging. 

Finally in Chapter 4, we discuss a concerted effort between theory and 
experiment, in which calculations could resolve findings that were not observable in an 
experimental setting. We investigate the catalytic hydroamination of unsaturated 
organic molecules. Experimentalists did not observe the thermodynamic product, 
instead they isolated the kinetic product. Using ideas from conceptual DFT, we were 
able to match the observed regioselectivity to the inherent reactivity of a class of 
substrates. This result provides insight into the selective control of hydroamination. 
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2. Accurate Treatment of Charge-Transfer Excitations 
and Thermally Activated Delayed Fluorescence Using 
the Particle-Particle Random Phase Approximation  

This chapter is based on a collaboration with Christopher Sutton from Fritz 
Haber Institute of the Max Planck Society. All results and data analysis are original work 
of the author. 

  
2.1 Introduction 

Organic light-emitting diodes (OLEDs) are a viable technology for next-generation 
display and solid-state lighting applications because of low cost and power consumption 
with high brightness and contrast. (Burroughes et al., 1990; Sasabe & Kido, 2013; Tang & 
VanSlyke, 1987; Tang, VanSlyke, & Chen, 1989) Since the development of phosphorescent 
OLEDs (PhOLEDs), (Adachi, Baldo, Thompson, & Forrest, 2001; Baldo et al., 1998; Baldo, 
Thompson, & Forrest, 2000) the field has continued to make notable breakthroughs in 
device efficiency through higher internal quantum efficiency (IQE) made possible from 
harnessing both singlet and triplet excitons that requires circumventing the limitation of 
spin-statistics for charge-recombination. Phosphorescence can be emphasized by 
incorporating heavy metals (Yersin, Rausch, Czerwieniec, Hofbeck, & Fischer, 2011) 
which incites intersystem crossing from S1 to T1 through strong spin-orbit coupling. 
Alternatively, higher IQE can be achieved through the population of the first singlet 
excited state (S1) from the first triplet excited state (T1) through thermally-activated 
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delayed fluorescence (TADF). (Wong & Zysman-Colman, 2017; Z. Yang et al., 2017) TADF 
is an efficient up-conversion mechanism of excitons from T1 to S1, bypassing the 
theoretically spin forbidden T1 relaxation through reverse intersystem crossing, leading 
to enhanced fluorescence from S1. TADF, which historically has been known by multiple 
names, including both α-phosphorescence and delayed thermal fluorescence, (Kasha, 
1947; Lewis & Kasha, 1944; McGlynn, Azumi, & Kinoshita, 1969) has first been observed 
as early as 1941 in fluorescein by Lewis and co-workers. (Lewis, Lipkin, & Magel, 1941) 
TADF is a promising mechanism for applications of organic electronics because it pushes 
the theoretical maximum IQE from 25 to 100% without need for heavy metals. Adachi and 
co-workers have demonstrated that OLEDs built with TADF emitters can reach external 
quantum efficiency higher than non-TADF fluorescence OLEDs and comparable to 
PhOLEDs. (Uoyama, Goushi, Shizu, Nomura, & Adachi, 2012; Q. Zhang et al., 2014) 

Since reverse intersystem crossing is an endothermal process, efficient TADF 
requires the difference in the energy levels of the lowest singlet and triplet excited states 
to be minimized. (Endo et al., 2009) The difference in energy between S1 and T1, E(ST), 
can be approximated by 2K, (McGlynn et al., 1969; Shizu et al., 2015) where K is the 
exchange integral between the highest occupied and lowest unoccupied molecular 
orbitals (HOMO and LUMO), and therefore can be minimized by spatial separation of the 
HOMO and LUMO. As a result, TADF can be realized in π-conjugated, donor−acceptor 
molecules, which leads to charge-transfer (CT) excited states that correspond to a transfer 
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of electron density from the electron-rich (donor) to the electron-deficient (acceptor) 
portion of the molecule. 

Molecular modeling can aid in characterization and prediction of properties of 
TADF molecules by making it possible to evaluate the impact of the specific donor and 
acceptor components on the electronic properties. (Uoyama et al., 2012) Recent 
computational advances have led to prediction of novel, highly efficient TADF emitters 
through virtual screening. (Gomez-Bombarelli et al., 2016) Excited state properties of large 
molecules can be computed using various approaches, including both wavefunction 
methods and time-dependent density functional theory (TDDFT). (Casida, 2009; Dreuw 
& Head-Gordon, 2005; Runge & Gross, 1984) However, the accurate modeling of TADF 
molecules is particularly difficult when the standard density functional approximations 
to the exchange correlation (xc) functional are used because of the delocalization error 
present in these approximations. (Mori-Sánchez, Cohen, & Yang, 2008) This error 
manifests as significant underestimation of CT excited states for TADF molecules. Indeed, 
TDDFT tends to underestimate CT states and this failure of TDDFT is due to the local 
character of xc functionals describing a nonlocal charge-separated state. (Dreuw & Head-
Gordon, 2004; Dreuw, Weisman, & Head-Gordon, 2003) Furthermore, the delocalization 
error is known to be more significant for extended systems with delocalized electron 
distributions, (Mori-Sánchez et al., 2008; Zheng, Liu, Johnson, Contreras-García, & Yang, 
2012) which is particularly relevant for large molecules with conjugated moieties such as 
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those that are typically used in TADF applications. TADF molecules possess small E(ST) 
and require high accuracy methods (e.g. E(ST) as small as 60 meV have been reported 
(Huang et al., 2013)). 

In order to mitigate the errors associated with standard xc correlation functionals 
for reproducing CT states, range-separated functionals are often used. (Chai & Head-
Gordon, 2008; Iikura, Tsuneda, Yanai, & Hirao, 2001; Tsuneda & Hirao, 2014; Vydrov & 
Scuseria, 2006) These functionals contain a range separation parameter (µ to spatially 
separate the treatment of the exchange, with exact exchange in the long range to recover 
the correct asymptotic decay of the xc potential, which has been shown to result in higher 
accuracies for modeling CT states. (Salzner & Aydin, 2011; Stein, Kronik, & Baer, 2009; 
Tawada, Tsuneda, Yanagisawa, Yanai, & Hirao, 2004) Further, µis system-dependent, so 
parameter tuning has been carried out in a system dependent fashion (Baer, Livshits, & 
Salzner, 2010; Kuritz, Stein, Baer, & Kronik, 2011; Stein et al., 2009) in order to reduce the 
delocalization error (Mori-Sánchez, Cohen, & Yang, 2006; Ruzsinszky, Perdew, Csonka, 
Vydrov, & Scuseria, 2006) compared to standard DFT methods. (Autschbach & Srebro, 
2014; Körzdörfer, Parrish, Marom, et al., 2012; Körzdörfer, Parrish, Sears, Sherrill, & 
Bredas, 2012) Range-separated approaches with tuning work well for small systems but 
are problematic for large systems, because the size-dependent manifestation of the 
delocalization error. (Li, Zheng, Su, & Yang, 2017; Mori-Sánchez et al., 2008) Tuned, long-
range corrected functionals combined with the Tamm−Dancoff approximation to TDDFT 
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(TDDFT/TDA) (Hirata & Head-Gordon, 1999) have shown promise in the description of 
TADF emitters. (Penfold, 2015; Sun, Zhong, & Brédas, 2015) For example, Sun and co-
workers applied the tuned LC-ωPBE to TADF molecules and reported a mean absolute 
deviation (MAD) of 0.09 eV for E(ST) (Sun et al., 2015) and Penfold reported a MAD of 
0.05 eV for E(ST) using tuned LC-BLYP. (Penfold, 2015) Sun et al. (Sun et al., 2015) reports 
µ ranging from 0.14-0.20 Bohr-1 and Penfold (Penfold, 2015) reports µ ranging from 0.15-
0.19 Bohr-1, whereas the standard µ for LC-ωPBE and LC-BLYP are 0.400 Bohr-1 and 0.33 
Bohr-1, respectively, indicating that the amount of exchange found in standard range-
separated functionals is too large to describe TADF molecules. 

Although tuned range-separated functionals are one route for reducing the errors 
in the computed S1 and T1 energies. It has been shown that the percentage of Hartree-Fock 
exchange in a given functional has a larger effect on the T1 energy compared to the S1 
energy for a set of known TADF molecules. (Huang et al., 2013) In addition, a large 
percentage of Hartree-Fock exchange has been shown to result in large errors for the T1 

energies for TADF emitters when TDDFT is used for moderately sized molecules due to 
triplet instabilities, (Casida et al., 2000; Peach, Williamson, & Tozer, 2011) which has 
motived the used of the TDDFT/TDA formulism instead. (Alipour & Karimi, 2017; Moral, 
Muccioli, Son, Olivier, & Sancho-García, 2015) Another strategy for modeling TADF 
molecules combining restricted open-shell Kohn-Sham with spin DFT has been shown to 
accurately reproduce CT states using hybrid functionals. (Hait, Zhu, McMahon, & Van 
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Voorhis, 2016) An advantage of this time-independent procedure is that ground-state 
contamination of excited states is avoided. 

In this work, we apply the particle-particle random phase approximation (pp-
RPA) (Y. Yang, van Aggelen, & Yang, 2013) to compute excitation energies for a set of CT 
and TADF molecules. (Huang et al., 2013) The pp-RPA approach for computing excitation 
energies can be understood as a Fock space embedding method– describing the ground 
and excited states of an N-electron system by embedding a many-electron description of 
2 electrons in a density functional description of an (N-2)-electron system. (D. Zhang & 
Yang, 2016) It has been shown to yield high accuracy for single, double, CT, and Rydberg 
excitations, (Y. Yang et al., 2013) as well as for the singlet-triplet energy gaps for diradicals 
(Y. Yang, Peng, Davidson, & Yang, 2015) and polyacenes. (Y. Yang, Davidson, & Yang, 
2016) In a different context, the pp-RPA method has been shown to give ground-state 
correlation energy with the correct energy derivative discontinuity at integer particle 
number. (van Aggelen, Yang, & Yang, 2013) Given the success of the pp-RPA at 
reproducing excitation energies, we apply the pp-RPA to a set of TADF molecules with 
small singlet-triplet energy gaps (Figure 1) which were reported and analyzed by Adachi 
and co-workers. (Huang et al., 2013) We compute vertical absorption energies, EVA, for 
both S1 and T1, as well as the zero-to-zero transition energy for T1 (E0-0(T1)) to compare to 
experimental data for EVA(S1), E0-0(T1) and adiabatic E(ST). These molecules range in size 
from 32-118 atoms and are the largest systems studied with the pp-RPA to our knowledge. 
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A E(ST) of around 0.1 eV is ideal for TADF, (Uoyama et al., 2012) and accordingly, 
molecules with E(ST) < 0.2 eV, including PIC-TRZ (5), 4CzPN (12), PXZ-TRZ (13), Spiro-
CN (14), 4CzIPN (15), 4CzTPN (16), and 4CzTPN-Me (17) will be grouped as efficient 
TADF molecules and results for these molecules will be emphasized in the discussion. 
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Figure 1: Chemical structures of CT molecules examined with the pp-RPA. 
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2.2 Computational Details 
Structures were optimized at B3LYP/cc-pVDZ level of theory. (Becke, 1993; Thom 

H. Dunning, 1989; Lee, Yang, & Parr, 1988; Woon & Dunning, 1993) The pp-RPA energies 
reported here are calculated using both B3LYP and CAM-B3LYP (Yanai, Tew, & Handy, 
2004) (N-2)-electron references using the cc-pVDZ (Thom H. Dunning, 1989) basis set. 
Single-point calculations on the (N-2)-electron state are carried out in Gaussian09 (M. J. 
Frisch) (with the same functionals and basis set) and the resultant density matrix is then 
read into QM4D1 to perform the pp-RPA calculation. Singlet and triplet excitation energies 
were computed using the active-space pp-RPA approach (D. Zhang & Yang, 2016) with 8 
active occupied and 8 active virtual orbitals. To ensure that the active-space size is 
suitable, the convergence of the energies with respect to the truncation size was tested for 
molecule 2; EVA(S1) (EVA(T1)) changed by 0.05 (0.009) eV between active space sizes of (8, 
8) and (50, 50) (Appendix Table 5), indicating that this choice of active space is sufficient. 
We carried out calculations in cc-pVTZ (Thom H. Dunning, 1989; Woon & Dunning, 1993) 
for molecules 2 and 11 to assess the impact of basis set size and found that the computed 
excitation energies change by at most 0.11 eV when the basis set is increased from double- 
to triple-zeta level (Appendix Table 6). The pp-RPA with the (N-2)-electron reference 

                                                      
1 An in-house program for QM-MM simulations: http://www.qm4d.info  
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orbitals computed with B3LYP/cc-pVDZ is used throughout this analysis and will be 
referred to as pp-RPA in the text throughout this chapter unless otherwise stated. 

 
The eigenvalues of the pp-RPA matrix equations correspond to two-electron 

addition and removal energies. Focusing on two-electron addition energies, one can begin 
from the (N-2) electronic state and add back two electrons to recover the ground state and 
all singlet and triplet excited state configurations of the N-particle system. The vertical 
excitation energies are obtained by taking the difference between the eigenvalues for two-
electron addition to the (N-2)-particle system. The vertical excitation energies, EVA(S1) and 
EVA(T1) are calculated according to Equations 1 and 2: 

௏஺(ܵଵ)ܧ = ௌభܧ
ே − ௌబܧ

ே = ൫ܧ௥௘௙ேିଶ + ߱ௌభ൯ − ൫ܧ௥௘௙ேିଶ + ߱ௌబ൯ = ߱ௌభ − ߱ௌబ   (1) 
)௏஺ܧ ଵܶ) = ܧ భ்

ே − ௌబܧ
ே = ൫ܧ௥௘௙ேିଶ + ߱ భ்൯ − ൫ܧ௥௘௙ேିଶ + ߱ௌబ൯ = ߱ భ் − ߱ௌబ  (2) 

where ܧௌబ
ே ௌభܧ ,

ே , and ܧ భ்
ே  are the total energy of the N-electron ground state (S0), S1, 

and T1, respectively. ܧ௥௘௙ேିଶ represents the energy of the two-electron deficient reference 
system. ߱ௌబ , ߱ௌభ , and ߱ భ் are the pair addition energies that lead to S0, S1, and T1, 
respectively. The corresponding vertical E(ST) energies are computed as the difference 
between the EVA values. 

(ܶܵ)ܧ∆ = ௏஺(ܵଵ)ܧ − )௏஺ܧ ଵܶ) = ߱ௌభ − ߱ భ்     (3) 
For direct comparison to phosphorescence data, we compute the zero-to-zero 

transition energy, E0-0, for T1, which corresponds to emission from the lowest energy 
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vibronic level of T1 to the lowest vibronic level of the ground state, by correcting EVA(T1) 
with the relaxation energy, λ, which is taken as the difference between the T1 energy 
computed at both S0 and T1 geometries and including zero-point energy correction 
according to equation 4: 

)଴ି଴ܧ ଵܶ) = )௏஺ܧ ଵܶ) − )ߣ ଵܶ) +  (4)     ܧܼܲ∆
The relaxation term ߣ( ଵܶ) = )ௌ ௚௘௢ܧ ଵܶ) − )௚௘௢ ்ܧ ଵܶ) and the zero-point energy 

correction ∆ܼܲܧ = )௓௉ாܧ ଵܶ) −  ௓௉ா(ܵ଴). The pp-RPA values are also compared toܧ
previously reported energies using TDDFT and TDDFT/TDA (all are consistently 
computed using the B3LYP functional and listed in Appendix Table 7). 

The performance of the pp-RPA is compared with TDDFT energies computed 
using B3LYP/6-31G(d), (Huang et al., 2013) whereas the TDDFT/TDA results were carried 
out at the B3LYP/6-31+G(d) level of theory and account for solvent effects using the 
polarizable continuum model. (Sun et al., 2015) To assess the impact of the difference in 
basis sets and geometries on the excitation energies, we computed TDDFT and 
TDDFT/TDA excitation energies using cc-pVDZ for molecules 3, 4, 6, 7, and 10. The results 
differ by ≤ 60 meV (average 26 meV) for TDDFT and 180 meV (average 69 meV) for 
TDDFT/TDA (Appendix Table 8). Noting the small differences between the results using 
different basis sets, we carry out a comparison of the results from pp-RPA with those from 
TDDFT and TDDFT/TDA. 
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The experimental data (Huang et al., 2013) used in this study as reference were 
measured in nonpolar solvents (cyclohexane and toluene) which should have minimal 
effects on the energies, as solute-solvent interactions are weak with low polarity solvent, 
(Klessinger & Michl, 1995) and are therefore excluded in this work. 
2.3 Results 

In order to assess the performance of the pp-RPA in the determination of the S1 
and T1 energies, we compare the computed excitation energies to the available 
experimental data for EVA(S1), E0-0(T1), and E(ST) for 17 molecules whose chemical 
structures are shown in Figure 1. All computed and experimental S1 and T1 energies are 
provided in the Appendix Table 9. 

 
2.3.1 Singlet Energies 

The pp-RPA computed EVA(S1) values have a MAD of 0.24 eV compared to the 
experimental EVA(S1) energies. In comparison, the TDDFT (MAD = 0.36 eV) (Huang et al., 
2013) and TDDFT/TDA (MAD = 0.39 eV) (Sun et al., 2015) tend to underestimate EVA(S1) 
energies, which can be seen in the data plot of  Figure 2. The improved performance of 
the pp-RPA for EVA(S1) is attributed to the better description of CT states, which are 
typically underestimated by TDDFT. In TADF molecules, S1 has predominate CT 
character, which can be evaluated computationally through analysis of the molecular 
orbitals that correspond to the pair-addition eigenvectors for the excited state 
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configuration. The S1 state is dominated by HOMO → LUMO transition (>90%) for all 
molecules, except 4 which also has HOMO → LUMO + 2 character (which is degenerate 
with HOMO → LUMO). A summary of the transitions can be found in Table 10 of the 
Appendix. For these 17 molecules, the HOMO (LUMO) are localized on the donor 
(acceptor) moieties (See orbital plots included in the Appendix for Chapter 2). From 
orbital analysis based on pp-RPA derived eigenvectors, S1 is determined to be CT for all 
molecules, while molecule 4 possesses a mixture of CT and locally excited (LE) character. 

Focusing on the molecules for which the pp-RPA computed EVA(S1) gives the 
largest error, the energy for molecules 1 (+0.48 eV), 6 (+0.51 eV), 7 (+0.45 eV) are 
overestimated while underestimated for molecule 14 (-0.46 eV). In comparison, EVA(S1) for 
molecule 1 is also overestimated  by TDDFT (+0.38 eV) (Huang et al., 2013) and 
TDDFT/TDA (+0.31 eV), (Sun et al., 2015) although TDDFT methods tend to underestimate 
CT states (Figure 2). Although the pp-RPA, TDDFT, and TDDFT/TDA all overestimate the 
experimental energy (3.66 eV), they agree with the result EVA(S1) of 3.98 eV from coupled 
cluster (CC2) theory. (Sun et al., 2015) A possible source of error comes from the fact that 
the current implementation of pp-RPA does not include contributions of transitions 
involving orbitals below the HOMO. An analysis of the configuration interaction (CI) data 
from Reference (Huang et al., 2013) (comparison of CI and pp-RPA data appears in Table 
11of the Appendix) for molecules 1, 6, and 7 reveals contribution to S1 from HOMO-1 
transition (less than 5%), indicating that the contribution to these excited states will be 
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minimal and should have a minor effect on the energy. Molecules grouped as 
representative TADF [5, 12-17] are described well with the pp-RPA, yielding a MAD of 
0.18 eV whereas these CT states are underestimated by TDDFT (TDDFT/TDA) with a 
MAD of 0.45 eV (0.48 eV), indicating the importance of capturing CT states for accurate 
estimations of excitation energies in TADF molecules. 

 

 
Figure 2: Singlet energies. Comparison of experimental EVA(S1) to results computed with pp-RPA, TDDFT, and TDDFT/TDA using ground state orbitals from B3LYP. TDDFT (Huang et al., 2013) and TDDFT/TDA (Sun et al., 2015) data are listed in Table 7 and experimental and pp-RPA results are in Table 9 of the Appendix.   
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2.3.2 Triplet Energies 
With an understanding of the performance of the pp-RPA for EVA(S1), the T1 

energies can now be discussed. The experimental T1 energies are obtained from 
phosphorescence measurements and correspond to the zero-to-zero transition between 
the lowest vibronic levels of T1 and the ground state, (E0-0(T1)). For molecules 13, 16, and 
17, E0-0(T1) was not directly measured from phosphorescence measurements because of 
the broad emission band indicative of a CT state; instead, the values for these systems 
were derived indirectly from the rate of the delayed fluorescence. In order to compare 
computed results to experiment, computed results for EVA(T1) are corrected with a 
relaxation term, λ and ZPE according to Equation 4. The EVA(T1) results from TDDFT and 
TDDFT/TDA are adjusted with the same λ and ZPE for each molecule (Table 7 in the 
Appendix). In comparison to the experimental E0-0(T1), the pp-RPA calculation of E0-0(T1) 
has a MAD of 0.26 eV. The results for T1 computed with TDDFT (MAD = 0.46 eV) and 
TDDFT/TDA (MAD = 0.43 eV) consistently underestimate the experimental results (see 
Figure 3), similar to the results for the S1 CT state. Molecules grouped as prototypical 
representatives of TADF [5, 12-17] are characterized well, yielding a MAD of 0.20 eV for 
E0-0(T1). The errors are larger with TDDFT (0.53 eV) and TDDFT/TDA (0.56 eV) which 
showcases the effect of delocalization error in standard density functional approximations 
on predicting energies of CT states. 
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Next we make comparison of the nature of the T1 state computed with the pp-RPA 
to the experimental characterization. With the pp-RPA, T1 is dominated by HOMO → 
LUMO transitions (Table S6). Based on orbital analysis (located at end of the Appendix 
for Chapter 2), we assign T1 as CT. T1 for molecule 2 is described by a HOMO → LUMO + 
2 (there is degeneracy in lowest unoccupied orbitals), CT transition. Similar to the 
discussion of S1, molecule 4 is characterized by both HOMO → LUMO (49%) and HOMO 
→ LUMO + 2 (41%), which are CT and LE, respectively. The results computed with the pp-
RPA are in contrast to experimental characterization of T1 as LE for all molecules, except 
for molecules 13, 16, and 17, which are assigned as CT states. (Huang et al., 2013)  

The discrepancy on the nature of the T1 state may be due to either a limitation of 
the method or variance in the assignment of the spectra. We do not capture contributions 
from orbitals below the HOMO with the pp-RPA. However, for CT states dominated by 
HOMO → LUMO transition, this limitation should not be an issue. Excitations with small 
contribution from lower orbitals can still be described within the pp-RPA as long as the 
contribution from the HOMO is relatively large. (Y. Yang, Peng, Lu, & Yang, 2014) 

On the other hand, the phosphorescence measurements are carried out at in 
toluene at low temperature (77 K) in order to avoid the low barrier reverse intersystem 
crossing reverse intersystem crossing transition. Measuring spectra at low temperature 
will reduce half band width and number of peaks and lead to sharper peaks, as the 
number of degrees of freedom are limited in frozen toluene. CT bands are usually broad 
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and devoid of vibronic information whereas LE peaks are sharper. Since the 
phosphorescence measurements were carried out at 77K in toluene, we do not expect that 
a broad CT band will be observed, making assignment of the nature of this state difficult. 
Further, TDDFT consistently underestimates the T1 energies for these molecules, as it does 
for CT states, further suggesting T1 may have CT character. We note that performing the 
experiment in increasingly polar solvents, which should redshift a CT band, could resolve 
the assignment.  

 

 
Figure 3: Triplet energies.Comparison of experimental E0-0(T1) to results for E0-

0(T1) computed by pp-RPA, TDDFT, and TDDFT/TDA using ground state orbitals from B3LYP. TDDFT (Huang et al., 2013) and TDDFT/TDA (Sun et al., 2015) data are listed in Table 7 and experimental and pp-RPA results are in Table 9 of the Appendix.    
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2.3.3 Singlet-Triplet Energy Gap 
The energy splitting between S1 and T1 is arguably the most important parameter 

when characterizing and designing molecules with delayed fluorescence. Since E(ST) is 
small, reverse intersystem crossing occurs at ambient temperature and phosphorescence 
is not observed. Ideally the E(ST), which corresponds to the difference between the 
lowest energy configuration of S1 and T1, can be approximated by the difference in vertical 
absorption energies, which is a simpler computational task. 

The vertical E(ST) gaps computed with pp-RPA, TDDFT, and TDDFT/TDA are 
plotted along with experimental adiabatic E(ST) gaps in Figure 4 (all data appears in 
Table 7 and Table 9 in the Appendix). The vertical E(ST)  computed with pp-RPA have 
an MAD error of 0.12 eV compared to experimental adiabatic E(ST) values. Similarly, a 
MAD of 0.10 eV is computed for both TDDFT and TDDFT/TDA. Comparing vertical 
E(ST) to adiabatic E(ST) is a fair approximation when S1 and T1 surfaces are locally 
parallel. (Shu & Levine, 2015) 
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Figure 4: Singlet-triplet energy gap. Comparison of experimental, adiabatic 

E(ST) to results for vertical E(ST) computed by pp-RPA, TDDFT, and TDDFT/TDA using B3LYP ground state orbitals. TDDFT (Huang et al., 2013) and TDDFT/TDA (Sun et al., 2015) data are listed in Table 7 and experimental and pp-RPA results are in Table 9 of the Appendix.    
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2.3.4 Effect of Relaxation 
We now discuss a structural relationship between the excited states. If S1 and T1 

are locally parallel, then the difference between the vertical absorption energies, EVA(S1) 
and EVA(T1), should give the adiabatic singlet-triplet splitting, E(ST), the variable of 
interest. It follows that if S1 and T1 are parallel, then the relaxation energies on the S1 and 
T1 surface are equal, λ(S1) = λ(T1). Therefore if λ(S1) and λ(T1) are similar, then the vertical 
approximation should recover the adiabatic singlet-triplet energy gap, that is if λ(S1) = 
λ(T1) then vertical E(ST) = adiabatic E(ST) (Figure 5). To test this we compare the 
relaxation energy λ(S1) determined from experiment (Huang et al., 2013) and λ(T1) that 
were computed, along with the difference between the computed vertical and 
experimental adiabatic E(ST). The results are shown in Table 1 (all energies appear in 
Table 13). When the difference between the relaxation energies is small, the 
approximation of the singlet-triplet gap by vertical estimates reproduces the experimental 
adiabatic gap (when both λ and E(ST) are small) (Figure 6). This is particularly true 
for molecules with the smallest S1-T1 energy difference, namely, molecules 5, 12-17. These 
molecules have E(ST) < 0.2 eV and are the most characteristic of molecules that exhibit 
TADF. This corroborates that estimates of E(ST) computed from vertical absorption 
energies is appropriate for TADF molecules, for which E(ST) is small and S1 and T1 
surfaces are locally parallel. This indicates that the computational cost of computing 
E(ST) for TADF molecules can be reduced from three optimizations (ground state, S1, 
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and T1) to one (the ground state) without sacrificing accuracy. Sun and co-workers (Sun 
et al., 2015) have previously discussed the relaxation energy in both S1 and T1 but have 
found a different result- that molecules with small E(ST) have larger λ(S1) compared to 
λ(T1). 

(T1)

(S1)

S0

T1

S1

adiabatic
E(ST)

vertical
E(ST)

Energy

 
Figure 5: Parallel potential energy surfaces. Pictorial representation of the potential energy surfaces for the ground state, S0, and S1 and T1, to show the relationship between the excited state surfaces. When S1 and T1 are locally parallel, the difference between vertical absorption energies, E(ST) is equal to the adiabatic 

E(ST) difference. In this scenario, the relaxation energies, λ(S1) and λ(T1), are equal. 
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Table 1: Relationship between S1 and T1 potential energy surfaces. Comparison of experimental, adiabatic E(ST) and computed vertical E(ST). The difference is reported as |E(ST)|. When the relaxation energies of T1 and S1 are equal (when |λ| = 0) the vertical approximation reproduces the experimental adiabatic gap. All energies listed in units of eV. 
 Molecule E(ST) calculated E(ST) experimental |E(ST)| |λ| 

1 PhCz 0.90 0.55 0.35 0.25 2 NPh3 0.51 0.57 0.06 0.25 3 CBP 0.42 0.71 0.29 0.35 4 -NPD 0.37 0.73 0.36 0.25 5 PIC-TRZ 0.19 0.18 0.01 0.02 6 DPA-DPS 0.57 0.52 0.05 0.04 7 DTPA-DPS 0.52 0.46 0.06 0.01 8 ACRFLCN 0.49 0.24 0.25 0.12 9 CC2TA 0.05 0.20 0.15 0.18 10 DTC-DPS 0.23 0.36 0.13 0.02 11 2CzPN 0.34 0.31 0.03 0.01 12 4CzPN 0.10 0.15 0.05 0.02 13 PXZ-TRZ 0.12 0.06 0.06 0.13 14 Spiro-CN 0.00 0.06 0.06 0.01 15 4CzIPN 0.16 0.10 0.06 0.02 16 4CzTPN 0.16 0.09 0.07 0.04 17 4CzTPN-Me 0.15 0.09 0.06 0.05 
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Figure 6: Relationship between slope and energy splitting ofT1 and S1 surfaces.  Open circles represent the prototypical TADF molecules with small E(ST). When the difference between the relaxation on the T1 and S1 surfaces are similar (λ close to 0) the computed vertical E(ST) and experimental adiabatic E(ST) is small (E close to 0). Data appears in Table 1.   

2.3.5 Comments on Functionals 
In order to examine how the underlying DFT functional impacts the pp-RPA 

computed excitation energies, the results obtained using the B3LYP functional are also 
compared with energies obtained using a CAM-B3LYP reference (Table 14). Interestingly 
the B3LYP reference yields values closer to experiment for EVA(S1) (MAD of 0.24 eV)  than 
those with CAM-B3LYP reference for EVA(S1) (MAD of 0.92 eV). However a similar error 
for E(ST) is found with CAM-B3LYP reference (MAD of 0.14 eV) or B3LYP (MAD of 0.12 
eV). Using TDDFT/TDA, a larger deviation from experimental was seen for CAM-B3LYP 
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(MAD of 0.49 eV for EVA(S1) and 0.26 eV for E(ST)) compared to B3LYP (MAD of 0.39 eV 
for EVA(S1) and 0.10 eV for E(ST)) for these systems. (Sun et al., 2015) A MAD of 0.15 eV 
was achieve with the for EVA(S1) using a tuned LC-ωPBE functional with TDDFT/TDA for 
this set of TADF systems. (Sun et al., 2015) The tuned µparameters used for each system 
range from 0.142-0.204 Bohr-1, whereas the energies computed with LC-ωPBE (in which 
µ=0.4 Bohr-1) leads to values that are much larger, resulting in MAD of 1.03 eV for EVA(S1). 
In comparison, the µ value for the CAM-B3LYP functional is 0.33 Bohr -1. The intricacies 
of the µ-tuning procedure reveals origin of the error for CAM-B3LYP is the larger 
incorporation of Hartree-Fock exchange in the short-range. (Sun et al., 2015) Therefore, an 
accurate calculation of the excited state of TADF molecules necessities a smaller amount 
of exact exchange than used in standard range-separated functionals. 

 
2.4 Summary 

We have applied the pp-RPA to a set 17 molecules with CT excited states and small 
singlet-triplet energy gap. Accurately reproducing small energy differences is a challenge 
for excited state methods. Our study demonstrates that the pp-RPA approach yields low 
error for EVA(S1) (MAD = 0.24 eV ) and E0-0(T1) (MAD = 0.26 eV) for all molecules. For 
prototypical TADF emitters (with E(ST) < 0.2 eV) the results are especially accurate, with 
MAD of 0.18 eV [0.20 eV] for EVA(S1) [E0-0(T1)]. The pp-RPA is able to accurately describe 
CT states, and CT is an important property of TADF molecules. The results from the pp-
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RPA describes both S1 and T1 are CT states, which is inconsistent with assignment based 
on experimental spectra for phosphorescence measurements, which suggest that T1 is of 
LE character for all molecules except 13, 16, and 17, which were assigned as CT. 

Whereas all methods produce good results for E(ST), the TDDFT an TDDFT/TDA 
approaches systematically underestimate the individual energies of S1 and T1 CT states. 
The singlet-triplet gaps are accurately reproduced by approximating the adiabatic 
transition energy by vertical absorption energies using the pp-RPA. Using the pp-RPA to 
approximate the adiabatic E(ST) with the vertical E(ST), a MAD of 0.12 eV is achieved, 
further demonstrating the ability to analyze TADF molecules by approximating adiabatic 
E(ST) with the difference between vertical absorption energies. This is especially true for 
molecules with the smallest E(ST), for which T1 and S1 are locally parallel. This simplifies 
the computational protocol for describing TADF emitters without loss of accuracy, which 
is important for molecular screening. 
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3. Valence Excited States from the Particle-Particle 
Random Phase Approximation 

This chapter is based on a collaborative project with Zehua Chen and Balazs 
Pinter. The method implementation, calculations, and analysis were carried out by the 
author. 

 
3.1 Introduction 

Accurate modeling of electronic excited states is important for interpreting spectra 
in organic photochemistry. Organic molecules and chromophores exhibit multiple 
valence excited states that transition between different occupied and unoccupied 
molecular orbitals. High-level wavefunction methods such as the complete-active space 
second-order perturbation theory (CASPT2), (Andersson, Malmqvist, & Roos, 1992; 
Andersson, Malmqvist, Roos, Sadlej, & Wolinski, 1990) coupled cluster (CC) theories: 
CC2, CCSD, CC3, and CCSDT, (Christiansen, Koch, & Jørgensen, 1995; Koch & Jo/rgensen, 
1990) provide computational benchmark data for small organic molecules. The accuracy 
of these methods comes with a heavy computational cost which prohibits routine 
calculation of excited states of larger organic molecules and inorganic complexes. The use 
of time-dependent density functional theory (TDDFT) (Casida, 2009; Dreuw & Head-
Gordon, 2005; Runge & Gross, 1984) makes it possible to study excited states of larger 
molecules. Although TDDFT is an exact theory, the approximate density functionals to 
the exchange-correlation energy are not. The approximations in functionals lead to the 
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delocalization error (discussed in Chapter 2) which can cause inaccuracies in prediction 
of electronic transitions. 

The particle-particle random phase approximation (pp-RPA) (van Aggelen et al., 
2013) approach to computing excitation energies has been applied successfully to the 
description of single, double, charge-transfer, and Rydberg excitations, (Y. Yang et al., 
2013) diradicals, (Y. Yang et al., 2015) polyacenes, (Y. Yang et al., 2016) and thermally 
activated delayed fluorescence (described in Chapter 2 of this dissertation). This approach 
is limited to computing transitions that originate from the highest occupied molecular 
orbital (HOMO) only and does not describe excitations from lower lying orbitals, or non-
HOMO transitions. However, the (N-2)-electron reference used in pp-RPA does not have 
to be optimized, (Y. Yang et al., 2013) and it’s possible to adopt a non-optimized single-
determinant (N-2)-electron reference state.  

We develop a pp-RPA based approach to compute non-HOMO excitations. The 
objective of this paper is to assess the performance of frozen orbital-type approach for 
valence excited states (the concept behind this approach has been previously described as 
HF* (Y. Yang et al., 2013)). We adopt a non-canonical (N-2)-electron reference by using the 
canonical orbitals of the N-electron system, making it possible to compute transitions 
originating from any occupied molecular orbital. The orbitals used are non-canonical for 
the (N-2)-particle system, however, they are accurate orbitals for the N-particle system. 
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In order to interpret the results of our method, it is necessary to compare to 
available experimental data, as well as benchmark ab initio data. Some electronic 
excitations are not measured experimentally, and those that are measurable are probed in 
different media. Comparing to accurate benchmark calculations provides a good 
assessment of the performance of a method. We apply our pp-RPA approach to a 
benchmark set of 12 organic molecules (Figure 7), including aliphatic hydrocarbons, 
aromatic hydrocarbons, heterocycles, aldehydes, ketones, and amides, which exhibit 
transitions that originate from orbitals below the HOMO. Vertical absorption energies are 
evaluated using the ground state geometry.  

 

 
Figure 7: Chemical structures of benchmark set of organic molecules examined with the pp-RPA.  
 
 
 



 

32 

3.2 Method 
The pp-RPA is an approximation to the pairing matrix fluctuation, (Ring & Schuck, 

1980; van Aggelen et al., 2013) which contains information about two-electron addition/ 
removal energies. Beginning from an (N-2)-electron reference state, the pair-addition 
energies, ω, correspond to the transition from the (N-2)- to N-electron system, making it 
possible to compute excitation energies of the N-electron system.  

To perform pp-RPA calculation to describe excited states, we must begin with an 
(N-2)-particle reference. Rather than starting with the optimized (N-2)-particle closed 
shell singlet reference state, we begin with the N-particle closed shell singlet state. We 
then treat the non-HOMO orbital of interest as a virtual orbital, switching from N- to (N-
2)- electron state. Since the orbitals are non-canonical orbitals of the (N-2)-electron system, 
we perform a unitary transformation of the Fock matrix to obtain orbital energies to use 
in the pp-RPA matrix equation. 

The non-canonical reference pp-RPA method has been implemented in the QM4D1 
quantum chemistry software. In this work, the pp-RPA reference is computed using 
B3LYP (Becke, 1993; Lee et al., 1988) functional with the correlation-consistent cc-pVTZ 
(Thom H. Dunning, 1989) basis set with a Davidson iterative method for computing the 
lowest eigenvalues. (Y. Yang et al., 2014) The molecular structures are from the benchmark 

                                                      
1 An in-house program for QM-MM simulations: http://www.qm4d.info  
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study of Schreiber and co-workers (Schreiber, Silva-Junior, Sauer, & Thiel, 2008) which 
were optimized using Møller-Plesset second-order perturbation theory with 6-31G* basis 
set. 

 
3.3 Results 

→The set of examined molecules include π  →π*, n  π*, and σ→ π* transitions. Data 
for singlet and triplet energies are in Tables 1 and 2, respectively, compared to 
experimental data and best estimates (from ab inito calculations with large basis sets) from 
the benchmark study of Schreiber and co-workers. (Schreiber et al., 2008) 
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Table 2: Vertical singlet excitation energies.(eV) for all molecules depicted in Figure 7. 
Molecule State Orbitals pp-RPA Experiment Best est.a 

cyclopropene 1 1B1 (σ, π*) HOMO-1, LUMO 7.25 6.45 6.76  1 1B2 (π, π*) HOMO, LUMO 8.17 7.19, 7.0 7.06 
imidazole 2 1A' (π, π*) HOMO, LUMO 8.19 6.58 6.19  3 1A' (π, π*) HOMO, LUMO+2 9.03 7.10 6.93  4 1A' (π, π*) HOMO-2, LUMO 10.80 8.45   1 1A'' (n, π*) HOMO-1, LUMO 8.72 6.82 6.81  2 1A'' (n, π*) HOMO-1, LUMO+2 10.49 7.93  
pyridine 1 1B2 (π, π*) HOMO-1, LUMO 7.44 4.99 4.85  2 1A1 (π, π*) HOMO-1, LUMO+1 7.21 6.38 6.26  3 1A1 (π, π*) HOMO-2, LUMO 8.56 7.22 7.18  2 1B2 (π, π*) HOMO-2, LUMO+1 7.91  7.27  1 1B1 (n, π*) HOMO, LUMO 6.63 4.59 4.59  1 1A2 (n, π*) HOMO, LUMO+1 8.06 5.43 5.11 
pyrazine 1 1B2u (π, π*) HOMO-1, LUMO 7.48 4.81 4.64  1 1B1u (π, π*) HOMO-1, LUMO+1 6.85 6.51 6.58  2 1B1u (π, π*) HOMO-3, LUMO 9.59 7.67 7.72  2 1B2u (π, π*) HOMO-3, LUMO+1 8.98 7.67 7.60  1 1B3u (n, π*) HOMO, LUMO 4.75 3.83 3.95  1 1Au (n, π*) HOMO, LUMO+1 6.57  4.81  1 1B2g (n, π*) HOMO-2, LUMO 8.26 5.46 5.56  1 1B1g (n, π*) HOMO-2, LUMO+1 10.71 6.10 6.60 
pyrimidine 1 1B2 (π, π*) HOMO-1, LUMO 7.50 5.12 5.44  2 1A1 (π, π*) HOMO-1, LUMO+1 6.68 6.7 6.95  3 1A1 (π, π*) HOMO-3, LUMO 7.84 7.57   2 1B2 (π, π*) HOMO-3, LUMO+1 8.86 7.57   1 1B1 (n, π*) HOMO, LUMO 6.09 4.16 4.55  1 1A2 (n, π*) HOMO-2, LUMO 7.81 4.62 4.91 
pyridazine 2 1A1 (π, π*) HOMO-1, LUMO 8.03 4.9, 5.0 5.18  1 1B2 (π, π*) HOMO-1, LUMO+1 6.78 6.2, 6.5   2 1B2 (π, π*) HOMO-2, LUMO 7.54 7.1, 7.3   3 1A1 (π, π*) HOMO-2, LUMO+1 8.22 7.1, 7.3   1 1B1 (n, π*) HOMO, LUMO 5.23 3.3 3.78  1 1A2 (n, π*) HOMO, LUMO+1 11.72  4.31  2 1A2 (n, π*) HOMO-3, LUMO 6.38 5.3 5.77  2 1B1 (n, π*) HOMO-3, LUMO+1 8.24 5.5-6.0  
s-triazine 1 1A'2 (π, π*) HOMO-2, LUMO 7.93 5.70 5.79  2 1A'1 (π, π*) HOMO-2, LUMO+1 8.46 6.86   1 1E' (π, π*) HOMO-3, LUMO 8.09 7.76   1 1A''1 (n, π*) HOMO, LUMO 6.08  4.60  1 1A''2 (n, π*) HOMO, LUMO+1 6.37 4.59 4.66 
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 1 1E'' (n, π*) HOMO-1, LUMO 6.62 3.97 4.70  2 1E'' (n, π*) HOMO-1, LUMO+1 6.53 6.15  
formaldehyde 1 1A2 (n, π*) HOMO, LUMO 5.20 3.79, 4.07 3.88  1 1B1 (σ, π*) HOMO-2, LUMO 10.72  9.10  2 1A1 (π, π*) HOMO-1, LUMO 10.64  9.30 
acetone 1 1A2 (n, π*) HOMO, LUMO 5.84 4.38 4.40  1 1B1 (σ, π*) HOMO-3, LUMO 8.93  9.10  2 1A1 (π, π*) HOMO-1, LUMO 9.23  9.40 
formamide 1 1A'' (n, π*) HOMO, LUMO 7.58 5.5 5.63  2 1A' (π, π*) HOMO-1, LUMO 10.72 7.4 7.39  3 1A' (π, π*) HOMO-2, LUMO 12.69   
acetamide 1 1A'' (n, π*) HOMO, LUMO 7.75 5.44 5.69  2 1A' (π, π*) HOMO-2, LUMO 10.76 7.4 7.27  3 1A' (π, π*) HOMO-1, LUMO 10.61 9.9  
propanamide 1 1A'' (n, π*) HOMO, LUMO 7.74 5.44 5.72  2 1A' (π, π*) HOMO-1, LUMO 10.44 7.4 7.20  3 1A' (π, π*) HOMO-2, LUMO 10.66 9.9  

a: Best estimate from ab initio data reported in reference (Schreiber et al., 2008). 
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Table 3: Vertical triplet excitation energies.(eV) for all molecules depicted in Figure 7. 
Molecule State Orbitals pp-RPA Experiment Best est.a 

cyclopropene 1 3B2 (π, π*) HOMO, LUMO 3.72 4.16 4.34  1 3B1 (σ, π*) HOMO-1, LUMO 6.91  6.62 
imidazole 1 3A' (π, π*) HOMO, LUMO 4.26 4.69 4.69  2 3A' (π, π*) HOMO, LUMO+2 8.96 5.79 5.79  3 3A' (π, π*) HOMO-2, LUMO 5.79 6.55 6.55  4 3A' (π, π*) HOMO-2, LUMO+2 12.67 7.42   1 3A'' (n, π*) HOMO-1, LUMO 7.53 6.37 6.37  2 3A'' (n, π*) HOMO-1, LUMO+2 10.35 7.51  
pyridine 1 3A1 (π, π*) HOMO-1, LUMO+1 4.75 4.10 4.06  1 3B2 (π, π*) HOMO-1, LUMO 4.23 4.84 4.64  2 3A1 (π, π*) HOMO-2, LUMO 4.06  4.91  2 3B2 (π, π*) HOMO-2, LUMO+1 6.45  6.08  3 3A1 (π, π*) HOMO-2, LUMO+7 12.08    3 3B2 (π, π*) HOMO-1, LUMO+7 12.21    1 3B1 (n, π*) HOMO, LUMO 5.66  4.25  1 3A2 (n, π*) HOMO, LUMO+1 7.96  5.28 
formaldehyde 1 3A2 (n, π*) HOMO, LUMO 4.43 3.50 3.50  1 3A1 (π, π*) HOMO-1, LUMO 5.38 5.82 5.87 
acetone 1 3A2 (n, π*) HOMO, LUMO 5.17 4.16 4.05  1 3A1  (π, π*) HOMO-1, LUMO 5.52 5.88 6.03 
formamide 1 3A'' (n, π*) HOMO, LUMO 6.94 5.3 5.36  1 3A'  (π, π*) HOMO-1, LUMO 5.35  5.74 
acetamide 1 3A'' (n, π*) HOMO, LUMO 7.12  5.42  1 3A' (π, π*) HOMO-1, LUMO 8.09  5.88 
propanamide 1 3A'' (n, π*) HOMO, LUMO 7.12  5.45  1 3A' (π, π*) HOMO-1, LUMO 5.78  5.90 

a: Best estimate from ab initio data reported in reference (Schreiber et al., 2008). 
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Cyclopropene (C2v, Table 2 and Table 3). The lowest singlet transitions, 1B1 (σ, π*) 
and 1B2 (π, π*), are overestimated by the pp-RPA. The experimental splitting between 
these two states is 0.7 eV whereas the pp-RPA predicts these states to differ by 0.9 eV. For 
the triplet excited states, the 3B2 (π, π*) is lower in energy than the 3B1 (σ, π*) by 3.2 eV, 
close to the splitting of 2.0 eV reported from best estimates of ab initio reference data. In 
general the pp-RPA overestimated the excitation energies, except for 3B2 (π, π*). 
Cyclopropene has transitions originating from HOMO-1 orbital, 1,3B1 (σ, π*) that were 
reasonably recovered; these transitions were reasonably overestimated by 0.5 and 0.3 eV, 
respectively, compared to reference data. 

Imidazole (Cs, Table 2 and Table 3). Imidazole has (π, π*) transitions (originating 
from HOMO and HOMO-2) as well as (n, π*) transitions (from HOMO-1). The pp-RPA 
reproduces the correct energy ordering in the singlets 2 1A' (π, π*) < 1 1A'' (n, π*) < 3 1A' 
(π, π*) < 2 1A'' (n, π*) < 4 1A' (π, π*). The singlet energies are consistently overestimated 
by 2 eV with the pp-RPA regardless of the orbitals involved in the transition. On the other 
hand, the correct energy ordering of the triplet states is not captured by the pp-RPA. The 
2 3A' (π, π*) is overestimated by 3.2 eV and 4 3A' (π, π*) is overestimated by 6.3 eV. Both 
of these are (π, π*) and involve transition to the LUMO+2 orbital and the contribution of 
those orbitals to the respective states are small (35%), indicating that with the pp-RPA 
these are not pure transitions but contain strong mixing contributions from multiple pair 
addition configurations. The triplet transitions 1 3A' (π, π*) and 3 3A' (π, π*) correspond 
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to excitation from HOMO and HOMO-2, respectively, to the lowest unoccupied molecular 
orbital (LUMO), and are reproduced within less than 1 eV. The particle-particle 
eigenvectors corresponding to those orbitals contribute 95% to the respective states and 
don’t contain mixing from other configurations. 

Pyridine (C2v, Table 2 and Table 3). The HOMO is a nonbonding orbital. The 
singlet transitions to the LUMO (LUMO+1), 1 1B1 (1 1A2), is overestimated by 2.0 (3.0) eV. 
The analogous triplet states, 3 3B1 and 3A2 are overestimated by 1.4 and 2.7 eV, respectively. 
The valence excited states from π orbitals originate from below the HOMO. The singlet 
excited states coming from HOMO-1, 1 1B2 and 2 1A1 are overestimated by 2.6 and 1.0 eV, 
respectively. The singlet transitions from HOMO-2, and 3 1A1 and 2 1B2 are similarly 
overestimated. The corresponding triplet transitions from HOMO-1, 1 3B2 and 1 3A1 are 
closer to reference data. The 1 3B2 state is underestimated by 0.4 eV whereas 1 3A1 is 
overestimated by 0.7 eV. The triplet transitions from HOMO-2 show similar error. 

Pyrazine (D2h, Table 2). Pyrazine has both (π, π*) and (n, π*) transitions. The 
HOMO is a nonbonding orbital with transitions to LUMO (1 1B3u) and LUMO+1 (1 1Au). 
These two states are overestimated by 0.8 and 1.8 eV, respectively. The transitions from 
orbitals below the HOMO, are overestimated, on average, by 2.2 eV. The 1 1B1u (π, π*) is 
accurately reproduced by the pp-RPA, differing by 0.3 eV from reference data. 

Pyrimidine (C2v, Table 2). There are two (π, π*) transitions from HOMO-1. The 1 
1B2 to LUMO is overestimated by 2.1 eV whereas the transition to LUMO+1 (1 1A1) is 
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underestimated by only 0.3 eV. We also compute the transitions from the HOMO to test 
the effect of a non-canonical reference. The HOMO to LUMO transition, (1 1B1) is 
overestimated by 1.5 eV and is not as accurate as using an optimized (N-2)-electron 
reference, which only overestimates this transition by 0.1 eV. 

Pyridazine (C2v, Table 2). There is reference best estimates data for the (n, π*) 
transitions of pyridazine. The transitions involving the HOMO are dramatically 
inaccurate, notably, 1 1A2 is overestimated by 7 eV. The state computed with pp-RPA was 
qualitatively wrong, analysis revealed mixing from higher excited state configurations as 
well as double excitation character. The HOMO-3 to LUMO excitation was reproduced 
reasonably well; the 2 1A2 is overestimated by 0.6 eV and was a pure state. For computing 
transitions from the HOMO, better accuracy is obtained using an optimized (N-2)-electron 
reference. 

s-triazine (D3h, Table 2). The (π, π*) transition 1 1A'2 is overestimated by 2.1 eV. 
The (n, π*) transitions are described with better accuracy. The HOMO-1 transitions, 1 1A''2 
and 2 1E'', are overestimated by 1.7 and 1.9 eV, respectively. The HOMO to LUMO (n, π*) 
transition 1 1A''1 differs from reference data by 1.5 eV, which still is not as accurate as using 
optimized (N-2)-electron reference pp-RPA, which gives accuracy of 0.2 eV. 

Formaldehyde (C2v, Table 2 and Table 3). The singlet states of formaldehyde 
involve transitions originating from n (HOMO), π (HOMO-1), and σ (HOMO-2) orbitals. 
The average error of these states computed with the pp-RPA is 1.4 eV. Better accuracy is 
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obtained for the triplet states. The 1 3A2 HOMO to LUMO transition differs by 0.9 eV 
whereas the 1 3A1 HOMO-1 to LUMO transition is off by 0.5 eV. Previous studies pointed 
out that the results for this system are very sensitive to the basis set and the reference data 
has uncertainty around 0.3 eV. (Schreiber et al., 2008) 

Acetone (C2v, Table 2 and Table 3). The (n, π*) HOMO to LUMO transitions, 1 1,3A2, 
are overestimated by 1.4 and 1.1 eV, respectively. In comparison, using an optimized (N-
2)-electron reference gives high accuracy; 1 1,3A2 are reproduced within 0.2 and 0.1 eV, 
respectively. The higher energy transitions from lower orbitals are described well with 
the non-canonical reference pp-RPA. The HOMO-1 to LUMO, 2 1,3A1 (π, π*), transitions 
are off by 0.2 and 0.5 eV, respectively. There is a high energy transition, 1 1B1, from a σ 
(HOMO-3) orbital that is reproduced within 0.2 eV. 

Formamide (Cs, Table 2 and Table 3). Formamide has low energy HOMO to 
LUMO (n, π*) transitions. The singlet 1 1A'' is overestimated by 2.0 eV whereas the triplet 
1 3A'' is off by 1.6 eV. The higher energy (π, π*) transitions from HOMO-1 have a relative 
error of 3.3 and 0.4 eV for 2 1A' and 1 3A', respectively. 

Acetamide (Cs, Table 2 and Table 3). The (n,π*) HOMO to LUMO transition 
energies are overestimated by 2.1 and 1.7 eV, respectively, for 1 1,3A''. The higher energy 
(π, π*) transitions have greater errors; 2 1A' (1 3A') has a relative error of 3.5 (2.2) eV. 

Propanamide (Cs, Table 2 and Table 3). Propanamide is a structurally similar to 
acetamide, but with a longer alkyl chain. However, the results for propanamide are much 
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more accurate. The (n,π*) HOMO to LUMO transition has a relative error of 0.5 eV for the 
singlet, whereas the triplet is off by 1.7 eV. The HOMO-1 to LUMO (π, π*) triplet is 
accurate, with relative error of 0.1 eV. 

 
3.4 Summary 

We’ve demonstrated and implemented an approach for computing non-HOMO 
excitation energies. Using a non-optimized reference with non-canonical orbitals, we were 
able to access all electronic transitions. The results presented in this chapter serve as a 
proof-of-principle of the methodology. Although the approach is computationally 
feasible, the results are not accurate enough for reliable predictions. The next step in this 
project is to analyze the effect of functional on the reference system. Another consideration 
is the choice of basis set. Using a basis set with more diffuse functions to capture mixing 
from higher states should improve the quantitative accuracy. (Schreiber et al., 2008) 

The ability to control which occupied orbitals are involved in calculations of 
transitions makes this method applicable to other interesting systems in chemistry as well. 
For instance, this approach can be used to capture the energy difference between spin 
states of redox active transition metal complexes. With the optimized (N-2) reference pp-
RPA, the orbital energy ordering is qualitatively wrong for strongly correlated inorganic 
omplexes. This method will also be applied to access those spin states in biologically 
relevant inorganic complexes that are difficult to model with TDDFT.
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4. Mechanism of Gold-Catalyzed Intermolecular Anti-
Markovnikov Hydroamination of 
Alkylidenecyclopropanes 

This chapter is based on a collaboration with Jacob Timmerman from the 
experimental group of Ross Widenhoefer in the department of chemistry at Duke 
University. All computational results and analysis are original work of the author. 

 
4.1 Introduction 

Both cyclic and acyclic amine derivatives occur widely in Nature as biologically 
active molecules. (Widenhoefer & Han, 2006) They are common building blocks in 
neurotransmitters, vitamins, and are ubiquitous in pharmaceuticals and agrochemicals. 
The ability to synthesize and reproduce amine derivatives is essential in pharmaceutical 
and natural product chemistry. The importance of the C―N bond in chemistry has 
motivated development of amine synthesis methods, one method in particular, catalytic 
hydroamination, is an aĴractive approach as it allows for the direct addition of N―H to 
unsaturated carbon bonds, thus leading to the direct formation of the C―N bond. 

Timmerman et al. (Timmerman, Robertson, & Widenhoefer, 2015) recently 
reported a gold catalyst, [(PCy2(o-biphenyl)Au(NCCH3)]+ SbF6- (Cy=cyclohexyl), that is 
capable of selective, anti-Markovnikov hydroamination of alkylidenecyclopropanes 
(ACPs) that preserve the cyclopropyl ring. This was the first example of a gold catalyst 
used to activate ACPs for hydroamination. Most interestingly, the experiments lead to 
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the anti-Markovnikov addition product with high regioselectivity. The unique 
selectivity goes against the conventional expectation of the Markonvikov addition 
product, and instead forms the C―N bond at the less substituted, terminal alkene 
carbon. 

A reaction scheme for the nucleophilic addition is shown below in Figure 8. 
Using 1-methyl-imidazolidin-2-one (1) as the nucleophile, Timmerman et al. 
(Timmerman et al., 2015) were able to carry out the nucleophilic addition to substituted 
ACPs (2). Rather than the expected Markovnikov addition product (3) they observed 
anti-Markovnikov product (4) for the 13 ACPs that were studied. The reaction product 
implies that the nucleophile 1 adds to the terminal carbon of 2. 

 

 
Figure 8: Hydroamination reaction Reaction details contained in references. (Timmerman et al., 2015; Wang, Ren, Qi, & Yu, 2016)  
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 To test the importance of the cyclopropyl ring in the ACPs, isobutylene (5) (Z. 
Zhang, Lee, & Widenhoefer, 2009) and methylenecyclobutane (6) (Timmerman et al., 
2015) were also used as reaction substrates for hydroamination. The Markovnikov 
product is produced exclusively with these two substrates, suggesting the importance of 
the cyclopropyl moiety in controlling regioselectivity.  

This offers a great example of controllable and regioselective hydroamination. 
An understanding of how to control selectivity in hydromination is indispensable for 
synthetic chemistry methods for molecular design. The reason behind the observed 
selectivity has not been fully understood and interpretation remains speculative. Orbital 
hybridization and ring strain have been suggested as factors. (Timmerman et al., 2015)  
We approach the problem computationally with the aim to complement previous 
experimental study to understand the observed selectivity. We focus on a small set of 
the experimental ACPs (1a-e), including those with both cyclic and acyclic R groups, as 
well as 5 and 6 (Figure 9).  

 

Ph Bn
2a 2b 2c 2d 2e 5 6  

Figure 9: The reaction substrates modeled computationally. 
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The catalytic hydroamination reaction takes place in two steps: 1) nucleophilic 
attack of the activated alkene by the imidazolinone then 2) protodeauration (reaction 
profile depicted in Figure 10). A computational study was recently carried out by Wang 
et al. (Wang et al., 2016) in which they concluded that the rate-determining step is 
intramolecular protodeauration, with reported activation enthalpy of 19.9 kcal/mol 
(activation Gibb’s free energy = 42.3 kcal/mol). These findings are in contrast to our 
experimental and computational study. Rate-limiting protodeauration indicates that a 
kinetic isotope effect should be observed. Since a kinetic isotope effect was not observed 
by Timmerman (unpublished work), we conclude that protodeauration cannot be rate-
limiting, but rather the first step, nucleophilic attack, is the rate-determining step. A 
reaction intermediate was not observed during the experiments, which further suggests 
that the second step is fast. The second step, protodeauration, may take place in different 
inter and intramolecular pathways and we choose not to explore the mechanism. Instead 
we focus on the rate-limiting, nucleophilic step. 
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Figure 10: General reaction coordinate scheme. 

  
4.2 Computational Details 

All calculations were carried out within density functional theory (Robert G Parr 
& Yang, 1989) using Gaussian 09 software package. (Frisch et al., 2009) Geometry 
optimization and single-point analysis were carried out using the M06 (Zhao & Truhlar, 
2008) functional with a LanL2DZ (Thom. H. Dunning & Hay, 1977; Hay & Wadt, 1985, 
1985; Wadt & Hay, 1985) basis set. Frequency analysis was performed as well to confirm 
the stability and nature of the optimized structures and to obtain thermal corrections to 
the total energy. Follow up single point calculations were performed with PBE (Perdew, 
Burke, & Ernzerhof, 1996, 1997) to corroborate findings. Solvent dielectric effects for 1,4-
dioxane were included by using self-consistent reaction field calculation of the 
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Polarizable Continuum Model. (Miertuš, Scrocco, & Tomasi, 1981; Scalmani & Frisch, 
2010) Transition states were located by performing a relaxed scan of the reaction 
coordinate from the geometry of the reaction intermediate, followed by an optimization 
to a first-order saddle point with frequency analysis. Modes were analyzed to confirm 
that they represent the appropriate transition states. Condensed fukui indices (Robert G. 
Parr & Yang, 1984; W. Yang & Mortier, 1986) were computed at the M06 level in a mixed 
basis: LanL2DZ for Au and 4-31G (Ditchfield, Hehre, & Pople, 1971) for all other atoms. 

 
4.3 Results 

 
Figure 11: Mechanism for nucleophilic attack favoring Markovnikov and anti-Markovnikov products.   We compute free energies of activation in order to compare the barrier of 

competing pathways for formation of Markovnikov and anti-Markovnikov products. 
Since the anti-Markovnikov addition product is observed exclusively for 2a-e, and the 
second step is fast, then it follows that the activation energy for nucleophilic addition to 
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the terminal carbon (Figure 11) should be lower than addition to the internal carbon. 
Given the observed ratio of product favoring Markovnikov addition for 5 and 6, the 
activation energy for nucleophilic attack at the internal carbon should be lower. 

Plots of the activation free energies in kcal/mol are shown below in (Figure 12) 
The data follows the expectation that the activation energy for addition leading to the 
anti-Markovnikov product is lower than that of producing the Markovnikov product for 
systems 2a-e. Moving to systems 5 and 6, which experimentally lead to the Markovnikov 
addition product, the behavior is reversed and the addition leading to the Markovnikov 
product is lower than that leading to the anti-Markovnikov product. Actually the barrier 
for anti-Markovnikov addition is pushed to higher energy, making addition to the 
terminal C unfavorable. 

The electronic contribution to the free energy was recomputed with PBE and 
those results are shown on the right of Figure 12. The results computed with PBE are 
generally consistent with M06. These computed trends are in agreement with 
experimental observations. 
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Figure 12: Plot of free energy of activation. computed with M06 (above) and PBE (below). Black markers (dotted line) indicates Markovnikov pathway and blue markers (solid line) indicates anti-Markovnikov pathway. Data can be found in Table 15 and Table 16 in Supplemental Material for Chapter 4.  

 
13C NMR was performed (Timmerman et al., 2015) on the metal-bound alkene 

complex 2a and results indicated that positive charge would locate at the internal alkene 
carbon. This observation would suggest that the internal carbon would be electrophilic 
based on a Coulombic picture, and that the nucleophile would add to the internal 
carbon leading to the Markovnikov addition product. However the Markovnikov 
product was not observed experimentally. Charge analysis, while informative for 
describing distribution of charge in a molecule, does not necessarily give insight into the 
reactivity of the molecule. (Eisenstein & Hoffmann, 1980; W. Yang & Mortier, 1986) 

The fukui function (Robert G. Parr & Yang, 1984; W. Yang & Mortier, 1986) is 
well-suited to probe for the reactive site of the metal-activated alkene reactant. The fukui 
function ݂(ݎ) is a local measure of how the chemical potential changes with the external 
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potential. A site with a large value of ݂(ݎ) indicates high reactivity at that site. 
Furthermore, we can compute the fukui function for nucleophilic attack ݂ା(ݎ), which is 
a measure of electrophilicity. Specifically, we can compute fukui indices condensed to 
atom to compare atomic sites. The fukui index is especially useful as it measures the 
reactivity independent of the incoming nucleophile. A comparison of the fukui indices 
of the internal and terminal alkene carbon atoms will therefore indicate the reactive 
center. 

The results for condensed fukui indices of the internal  ூ݂௡௧௘௥௡௔௟ା  and terminal 
 ்݂ ௘௥௠௜௡௔௟ା  alkene carbon in the metal-bound complex are shown in Table 4. If the alkene 
was symmetric, then there would be no selectivity for nucleophilic addition and the 
ratio of the fukui indices should be 1. A ratio ்݂ ௘௥௠௜௡௔௟ା ூ݂௡௧௘௥௡௔௟ା⁄  greater than 1 suggests 
formation of anti-Markovnikov product to be favorable. Systems 2a-e yield anti-
Markovnikov product experimentally and the ratio of the fukui indices is consistent 
with that. Systems 5 and 6 have a ratio of fukui indices much less than 1 which is 
consistent with experimental observation that they lead to the Markovnikov addition 
product. The results from fukui index analysis indicate that the regioselectivity is related 
to the inherent electrophilicity of the metal-activated ACP. 
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Table 4: Condensed fukui indices. Values were computed with M06 functional in a mixed basis described in the Computational Details section. 
System ࢒ࢇ࢔࢘ࢋ࢚࢔ࡵࢌା ା࢒ࢇ࢔࢏࢓࢘ࢋࢀࢌ  ା࢒ࢇ࢔࢏࢓࢘ࢋࢀࢌ  ⁄ା࢒ࢇ࢔࢘ࢋ࢚࢔ࡵࢌ  

2a 0.047 0.046 0.97 
2b 0.024 0.055 2.34 
2c 0.043 0.064 1.48 
2d 0.046 0.055 1.21 
2e 0.046 0.055 1.20 
5 0.036 0.024 0.67 
6 0.044 0.035 0.79 

 
It is important to note that as the nucleophile approaches the metal-alkene 

complex, the metal begins to shift from η2→η1 binding in the transition state. The effect 
of MLn slipping during nucleophilic attack on reactivity has been discussed. (Albright, 
1985; Eisenstein & Hoffmann, 1980) The slipping motion further activates the alkene, 
polarizing the alkene bond and increasing the lowest unoccupied molecular orbital 
character at the carbon undergoing nucleophilic addition. So, along the reaction 
coordinate as the metal slips, the carbon at the far end becomes increasing favored to 
undergo nucleophilic attack. An example of fukui analysis for metal slipping on an 
approximate reaction coordinate is included in the Supplemental Material for Chapter 4 
in the Appendix. 
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4.4 Summary 
The observed regioselectivy of gold-catalyzed hydroamination of ACPs was 

resolved with molecular modeling. We computed reaction profiles and performed fukui 
index analysis to uncover that the regioselectivity is determined during the rate-limiting 
nucleophilic attack. 

Although ring strain has been implicated as being responsible for tuning the 
selectivity to favor the anti-Markovnikov addition product, we believe that the R groups 
on the ring play the dominant role in determining the selectivity. The metal binds with 
the alkene substrate by overlap with the pi orbitals of the alkene (Dewar-Chatt-
Duncanson ). The R groups on the substrates can further polarize this binding toward 
the internal carbon, increasing reactivity at the terminal carbon. Further computational 
studies of carefully chosen ACPs will provide more insight and provide guidelines for 
the control of regioselective hydroamination of unsaturated hydrocarbons. 
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5. Conclusion 
In this dissertation we described several studies in which approximate 

theoretical methods in quantum chemistry were applied and developed in order to 
study chemically relevant systems. The chapters of this dissertation are focused on the 
properties of organic molecules, but there are many methods that can be applied 
inorganic molecules, solids and condensed phase matter. 

In Chapter 2 we applied the particle-particle-random phase approximation (pp-
RPA) to describe charge-transfer excited states in thermally activated delayed 
fluorescent (TADF) molecules. It is shown that the pp-RPA provides high accuracy for 
the quantitative and qualitative description of charge-transfer states. We also highlight 
that given the structural similarity of the first singlet and triplet excited states in TADF 
molecules, that it is not necessary to optimize each excited state, which is costly. Rather, 
one can accurately reproduce the singlet-triplet energy splitting by performing vertical 
approximation to the excitation energies. 

Following the application of the pp-RPA to TADF organic molecules, we develop 
a pp-RPA based approach to compute the valence excited states of organic molecules 
that originate from below the highest occupied molecular orbital (HOMO), described in 
Chapter 3. The reference state used in the pp-RPA does not need to be optimized, and 
we adopt an artificial reference state which we can manipulate in order to specify which 
occupied orbital is involved in the transition that we aim to compute. Our approach was 
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tested on a benchmark set of organic molecules. Further work is required to determine 
which reference method is appropriate to capture the non-HOMO transitions in organic 
molecules. An interesting consequence of this method is that we can access the varying 
spin state energetics that are present in redox active transition metal complexes, and we 
are hopeful that this approach will be used alongside convention DFT approaches to 
study large inorganic complexes. 

Finally in Chapter 4 we focus on chemical reactivity and use calculation to 
complement experimental understanding of a unique, regioselective hydroamination 
reaction. Our analysis was successful in that we were able to trace the observed 
selectivity by providing validation of the kinetics, as well as mapping the reactivity to 
ideas in conceptual DFT. We hope that the outcome of this study is to better aide 
synthetic chemists with insight on how to control regioselectivity. 

This dissertation does not treat aggregates, dimers, surface chemistry, or 
chemistry within complex environments, such as an enzyme. There are many great 
methodology developments and insights from applications of those methods that have 
come out of the simulation of large chemical systems. We humbly chose to focus on 
chemistry at the molecular level. All of chemistry can be understood by the 
transformations of molecules, and their response to perturbations (e.g. light). 

 
.
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Appendix 
Supplemental Material for Chapter 2 

Table 5: Active-space convergence.Effect of active-space size on pp-RPA computed energies for molecule 2 (NPh3). Energies shown are in units of eV. 
Active-space size (occupied, virtual) EVA(S1) EVA(T1) E(ST) 

(8, 8) 3.712 10.306 0.507 (9, 9) 3.721 10.305 0.507 (10, 10) 3.721 10.305 0.507 (20, 20) 3.750 10.300 0.508 (40, 40) 3.759 10.297 0.504 (50, 50) 3.762 10.297 0.502  
Table 6: Basis set convergence for pp-RPA.Effect of increasing basis set on the computed results of pp-RPA for molecules 2 (NPh3) and 11 (2CzPN). Energies are reported in units of eV. 

Molecule Basis set EVA(S1) EVA(T1) E(ST) 
2 cc-pVDZ 3.712 3.205 0.507  cc-pVTZ 3.601 3.150 0.451 11 cc-pVDZ 2.888 2.551 0.337  cc-pVTZ 2.854 2.523 0.331  
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Table 7: TDDFT data.EVA(S1) and EVA(T1), E0-0(T1), and vertical E(ST) computed with TDDFT(Huang et al., 2013) and TDDFT/TDA(Sun et al., 2015) using a B3LYP reference for all calculations. Energies are reported in units of electron-volts. 
Molecule TDDFT TDDFT/TDA 
  EVA(S1) EVA(T1) E0-0(T1)a E(ST) EVA(S1) EVA(T1) E0-0(T1)a E(ST) 
1 PhCz 4.04 3.18 2.67 0.86 3.97 3.35 2.84 0.62 2 NPh3 3.93 3.18 2.62 0.75 3.73 3.29 2.73 0.44 3 CBP 3.56 2.96 2.26 0.60 3.56 3.12 2.42 0.44 4 -NPD 3.07 2.48 1.92 0.58 3.01 2.64 2.08 0.37 5 PIC-TRZ 2.86 2.76 2.19 0.10 2.88 2.80 2.23 0.08 6 DPA-DPS 3.54 2.89 2.63 0.65 3.38 2.91 2.64 0.47 7 DTPA-DPS 3.46 2.86 2.48 0.61 3.31 2.86 2.48 0.45 8 ACRFLCN 2.55 2.54 2.08 0.01 2.46 2.45 1.99 0.01 9 CC2TA 2.91 2.85 2.39 0.06 3.02 2.96 2.50 0.06 10 DTC-DPS 3.31 2.97 2.56 0.34 3.22 2.98 2.57 0.24 11 2CzPN 2.84 2.50 2.15 0.34 2.77 2.51 2.16 0.26 12 4CzPN 2.46 2.29 1.97 0.17 2.41 2.26 1.94 0.15 13 PXZ-TRZ 2.14 2.10 1.93 0.04 2.19 2.16 1.99 0.03 14 Spiro-CN 2.04 2.03 1.70 0.00 1.95 1.94 1.61 0.01 15 4CzIPN 2.49 2.37 2.05 0.12 2.44 2.32 2.00 0.12 16 4CzTPN 2.24 2.13 1.83 0.12 2.18 2.06 1.76 0.12 17 4CzTPN-Me 2.20 2.10 1.79 0.10 2.12 2.02 1.72 0.10 
 MAD 0.36 0.15 0.46 0.10 0.39 0.20 0.43 0.10 

a: corrected with λ(T1) and ZPE from Table 9 according to Equation 4 in Chapter 2.  
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Table 8: Basis set convergence for TDDFT.Comparison of TDDFT results using both 6-31G(d)(Huang et al., 2013) and cc-pVDZ basis sets. Comparison of TDDFT/TDA results using both 6-31+G(d)(Sun et al., 2015) and cc-pVDZ basis sets. Both geometries and energies computed in the respective basis set. All results are computed with B3LYP as the functional. 
TDDFT 

Molecule EVA(T1) EVA(S1) E(ST) 
 6-31G(d) cc-pVDZ 6-31G(d) cc-pVDZ 6-31G(d) cc-pVDZ 

3 2.96 2.95 3.56 3.50 0.60 0.54 4 2.48 2.46 3.07 3.02 0.58 0.56 6 2.89 2.88 3.54 3.51 0.65 0.64 7 2.86 2.84 3.46 3.44 0.61 0.60 10 2.97 2.96 3.31 3.27 0.34 0.32 
TDDFT/TDA 

Molecule EVA(T1) EVA(S1) E(ST) 
 6-31+G(d) cc-pVDZ 6-31+G(d) cc-pVDZ 6-31+G(d) cc-pVDZ 

3 3.12 3.12 3.56 3.52 0.44 0.40 4 2.64 2.64 3.01 3.05 0.37 0.40 6 2.91 3.00 3.38 3.56 0.47 0.56 7 2.86 2.96 3.31 3.49 0.45 0.53 10 2.98 3.04 3.22 3.30 0.24 0.26  
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Table 9: pp-RPA computed energiesEVA(S1), EVA(T1), E0-0(T1), and vertical E(ST) computed with pp-RPA using B3LYP/cc-pVDZ reference. Experimental results from (Huang et al., 2013). Energies are reported in units of electron-volts. 
 pp-RPA Experiment 
 EVA(S1) EVA(T1) λ(T1) ZPE E0-0(T1)a E(ST)b EVA(S1) E0-0(T1) E(ST)c 
PhCz 4.14 3.24 0.33 0.18 2.73 0.90 3.66 3.03 0.55 
NPh3 3.71 3.21 0.39 0.17 2.65 0.51 3.74 3.03 0.57 CBP 4.10 3.68 0.61 0.09 2.98 0.42 3.80 2.83 0.71 
-NPD 3.46 3.08 0.46 0.10 2.52 0.37 3.31 2.37 0.73 PIC-TRZ 3.07 2.87 0.46 0.11 2.30 0.19 3.35 2.73 0.18 
DPA-DPS 4.04 3.46 0.21 0.06 3.19 0.57 3.53 2.76 0.52 DTPA-DPS 3.92 3.40 0.27 0.11 3.02 0.52 3.47 2.73 0.46 ACRFLCN 2.81 2.31 0.34 0.12 1.85 0.49 3.05 2.59 0.24 
CC2TA 3.41 3.35 0.31 0.15 2.89 0.05 3.64 2.95 0.20 DTC-DPS 3.73 3.50 0.30 0.11 3.09 0.23 3.62 2.98 0.36 
2CzPN 2.89 2.55 0.24 0.11 2.20 0.34 3.19 2.63 0.31 4CzPN 2.78 2.68 0.20 0.12 2.36 0.10 2.82 2.45 0.15 
PXZ-TRZ 2.93 2.81 0.07 0.10 2.64 0.12 2.73 2.47 0.06 Spiro-CN 2.23 2.23 0.26 0.07 1.90 0.00 2.69 2.38 0.06 4CzIPN 2.95 2.79 0.20 0.12 2.47 0.16 2.85 2.53 0.10 
4CzTPN 2.68 2.52 0.22 0.08 2.22 0.16 2.61 2.34 0.09 4CzTPN-Me 2.63 2.48 0.21 0.09 2.18 0.15 2.49 2.24 0.09 
MAD 0.24 0.36   0.26 0.12    

a: E0-0(T1) = EVA(T1) – λ(T1) + ZPE 
b: E(ST) computed from difference between vertical absorption energies of S1 and T1. 
c: E(ST) corresponds to difference between the zero-to-zero transition energies of S1 and T1.  
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Table 10: Transitions computed with the pp-RPA.Dominant orbital transition type, weight contribution (c%) of that transition to the state, and assignment as charge transfer (CT) or locally excited (LE) state. The assignment is based on molecular orbital analysis (Orbital plots are included at the end of this section of the Appendix). Results from pp-RPA calculation with B3LYP reference for S1 and T1. 
Molecule S1 transition c%  T1 transition c%  1 PhCz HOMO → LUMO 91 CT HOMO → LUMO 99 CT 

2 NPh3 HOMO → LUMO 95 CT HOMO → LUMO + 2 81 CT 
3 CBP HOMO → LUMO 99 CT HOMO → LUMO 98 CT 
4 -NPD HOMO → LUMO 25 CT HOMO → LUMO 49 CT 
  HOMO → LUMO + 2 62 LE HOMO → LUMO + 2 41 LE 

5 PIC-TRZ HOMO → LUMO 91 CT HOMO → LUMO 90 CT 
6 DPA-DPS HOMO → LUMO 97 CT HOMO → LUMO 97 CT 
7 DTPA-DPS HOMO → LUMO 98 CT HOMO → LUMO 97 CT 
8 ACRFLCN HOMO → LUMO 97 CT HOMO → LUMO 97 CT 
9 CC2TA HOMO → LUMO 93 CT HOMO → LUMO 95 CT 

10 DTC-DPS HOMO → LUMO 98 CT HOMO → LUMO 98 CT 
11 2CzPN HOMO → LUMO 93 CT HOMO → LUMO 95 CT 
12 4CzPN HOMO → LUMO 97 CT HOMO → LUMO 98 CT 
13 PXZ-TRZ HOMO → LUMO 96 CT HOMO → LUMO 94 CT 
14 Spiro-CN HOMO → LUMO 99 CT HOMO → LUMO 99 CT 
15 4CzIPN HOMO → LUMO 98 CT HOMO → LUMO 98 CT 
16 4CzTPN HOMO → LUMO 98 CT HOMO → LUMO 99 CT 
17 4CzTPN-Me HOMO → LUMO 98 CT HOMO → LUMO 99 CT 
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Table 11: Transitions for S1.Transition type of the S1 determined from pp-RPA calculation with B3LYP reference. Configuration interaction data from Supporting Information of Reference (Huang et al., 2013). The percent weight of contribution of the transition to the S1 state is listed as c%. 
Molecule pp-RPA description of S1 c% CI description of S1 c% 
1 PhCz HOMO → LUMO 91 HOMO → LUMO 92.6     HOMO-1 → LUMO+3 5.6 2 NPh3 HOMO → LUMO 95 HOMO → LUMO 97.2 3 CBP HOMO → LUMO 99 HOMO → LUMO 98.1 4 -NPD HOMO → LUMO 25 HOMO → LUMO 90.6   HOMO → LUMO + 2 62 HOMO-1 → LUMO+1 7.9 5 PIC-TRZ HOMO → LUMO 91 HOMO → LUMO 98.6 6 DPA-DPS HOMO → LUMO 97 HOMO → LUMO 96.8     HOMO-1 → LUMO+3 2.5 7 DTPA-DPS HOMO → LUMO 98 HOMO → LUMO 96.7     HOMO-1 → LUMO+3 2.5 8 ACRFLCN HOMO → LUMO 97 HOMO → LUMO 99.7 9 CC2TA HOMO → LUMO 93 HOMO → LUMO 68.4     HOMO-1 → LUMO 30.3 10 DTC-DPS HOMO → LUMO 98 HOMO → LUMO 96.7     HOMO-1 → LUMO+4 2.2 11 2CzPN HOMO → LUMO 93 HOMO → LUMO 99.1 12 4CzPN HOMO → LUMO 97 HOMO-1 → LUMO 95.2     HOMO-3 → LUMO 3.1 13 PXZ-TRZ HOMO → LUMO 96 HOMO → LUMO 98.1 14 Spiro-CN HOMO → LUMO 99 HOMO → LUMO 99.8 15 4CzIPN HOMO → LUMO 98 HOMO → LUMO 98.1 16 4CzTPN HOMO → LUMO 98 HOMO → LUMO 99.4 17 4CzTPN-Me HOMO → LUMO 98 HOMO → LUMO 98.4  
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Table 12: Comparison of transitions from pp-RPA and TDDFT.Transitions for S1 and T1 according to pp-RPA results compared to TDDFT/TDA (B3LYP/cc-pVDZ is used for both methods). The dominant contribution to the state is listed along with its weight. H and L used for HOMO and LUMO, respectively, for brevity. 

 
  

 pp-RPA   TDDFT/TDA   Exp 
Molecule S1 transition c% EVA S1 transition c% EVA EVA(S1) 

3 H → L 99 4.10 H → L 98 3.52 3.80 4 H → L 25  H → L 91 3.05 3.31  H → L + 2 62 3.46     6 H → L 97 4.04 H → L 97 3.56 3.53 7 H → L 98 3.92 H → L 97 3.49 3.47 10 H → L 98 3.73 H → L 97 3.30 3.62         
Molecule T1 transition c% EVA T1 transition c% EVA E0-0(T1) 

3 H → L 98 3.68 H → L 76 3.12 2.83     H – 4 → L 16   4 H → L 49 3.08 H → L 53 2.64 2.37  H → L + 2 41  H – 1 → L + 1 23   6 H → L 97 3.46 H → L 80 3.00 2.76     H – 1 → L + 3 12   7 H → L 97 3.40 H → L 81 2.96 2.73     H – 1 → L + 3 12   10 H → L 98 3.50 H → L 84 3.04 2.98 
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Table 13: Relaxation energies.Comparison of relaxation energies, λ(S1) computed from experimental values and λ(T1) from computational results (Table 7). Experimental results from Reference (Huang et al., 2013) and computed results from pp-RPA computed with B3LYP/cc-pVDZ. Energies are reported in units of electron-volts. 
Molecule EVA(S1) Exp. E0-0(S1) Exp. λ(S1) Exp.  λ (T1) Calc. E0-0(ST) Exp. EVA(ST) Calc. |λ |a  |E(ST)|b 
1 PhCz 3.66 3.58 0.08 0.33 0.92 0.90 0.25 0.35 
2 NPh3 3.74 3.60 0.14 0.39 0.52 0.51 0.25 0.06 
3 CBP 3.80 3.54 0.26 0.61 0.46 0.42 0.35 0.29 
4 -NPD 3.31 3.10 0.21 0.46 0.34 0.37 0.25 0.36 
5 PIC-TRZ 3.35 2.91 0.44 0.46 0.06 0.19 0.02 0.01 
6 DPA-DPS 3.53 3.28 0.25 0.21 0.61 0.57 0.04 0.05 
7 DTPA-DPS 3.47 3.19 0.28 0.27 0.57 0.52 0.01 0.06 
8 ACRFLCN 3.05 2.83 0.22 0.34 0.00 0.49 0.12 0.25 
9 CC2TA 3.64 3.15 0.49 0.31 0.05 0.05 0.18 0.15 

10 DTC-DPS 3.62 3.34 0.28 0.30 0.23 0.23 0.02 0.13 
11 2CzPN 3.19 2.94 0.25 0.24 0.35 0.34 0.01 0.03 
12 4CzPN 2.82 2.60 0.22 0.20 0.15 0.10 0.02 0.05 
13 PXZ-TRZ 2.73 2.53 0.20 0.07 0.07 0.12 0.13 0.06 
14 Spiro-CN 2.69 2.44 0.25 0.26 0.00 0.00 0.01 0.06 
15 4CzIPN 2.85 2.63 0.22 0.20 0.20 0.16 0.02 0.06 
16 4CzTPN 2.61 2.43 0.18 0.22 0.24 0.16 0.04 0.07 
17 4CzTPN-Me 2.49 2.33 0.16 0.21 0.21 0.15 0.05 0.06 

a: | λ | = | λ(S1) – λ(T1) | 
b: | E(ST) | = | E0-0(ST) – EVA(ST) |  
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Table 14: pp-RPA results functional dependence.EVA(S1) and EVA(T1) computed with pp-RPA using CAM-B3LYP/cc-pVDZ reference. Energies are reported in units of electron-volts. 
Molecule Name EVA(S1) EVA(T1) E(ST) 

1 PhCz 4.60 3.68 0.92 2 NPh3 4.14 3.63 0.52 3 CBP 5.19 4.74 0.46 4 -NPD 4.27 3.93 0.34 5 PIC-TRZ 3.50 3.43 0.06 6 DPA-DPS 5.00 4.39 0.61 7 DTPA-DPS 4.94 4.37 0.57 8 ACRFLCN 2.23 2.23 0.00 9 CC2TA 4.66 4.61 0.05 10 DTC-DPS 4.80 4.57 0.23 11 2CzPN 3.63 3.28 0.35 12 4CzPN 3.83 3.69 0.15 13 PXZ-TRZ 3.12 3.06 0.07 14 Spiro-CN 2.94 2.94 0.00 15 4CzIPN 4.06 3.86 0.20 16 4CzTPN 3.80 3.56 0.24 17 4CzTPN-Me 3.79 3.58 0.21 
MAD  0.92 1.11 0.14  
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Figure 13: Orbitals for PhCz. HOMO (left) and LUMO (right). 
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Figure 14: Orbitals for NPh3. HOMO (top left), LUMO (top right) and LUMO+2 (bottom).  

  



 

66 

 
Figure 15: Orbitals for CBP. HOMO (left) and LUMO (right). 
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Figure 16: Orbitals for -NPD.HOMO (top left), LUMO (top right) and LUMO+2 (bottom).  
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Figure 17: Orbitals for PIC-TRZ. HOMO (left) and LUMO (right). 
 
 

 
Figure 18: Orbitals for DPA-DPS. HOMO (left) and LUMO (right). 
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Figure 19: Orbitals for DTPA-DPS. HOMO (left) and LUMO (right). 
 
 

 
Figure 20: Orbitals for ACRFLCN. HOMO (left) and LUMO (right). 
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Figure 21: Orbitals for CC2TA. HOMO (left) and LUMO (right). 
 
 

 
Figure 22: Orbitals for DTC-DPS. HOMO (left) and LUMO (right). 
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Figure 23: Orbitals for 2CzPN. HOMO (left) and LUMO (right). 
 
 

 
Figure 24: Orbitals for 4CzPN. HOMO (left) and LUMO (right). 
 

  



 

72 

 
Figure 25: Orbitals for PXZ-TRZ. HOMO (left) and LUMO (right). 
 
 

 
Figure 26: Orbitals for Spiro-CN. HOMO (left) and LUMO (right). 
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Figure 27: Orbitals for 4CzIPN. HOMO (left) and LUMO (right). 
 
 

 
Figure 28: Orbitals for 4CzTPN. HOMO (left) and LUMO (right). 
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Figure 29: Orbitals for 4CzTPN-Me. HOMO (left) and LUMO (right). 
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Supplemental Material for Chapter 4 
Table 15: Activation free energies with M06. Listed in units of kcal/mol. Thermal corrections were computed based on experimental reaction conditions. 333.15 K for 2c, 353.15 K for 2a, 2b, 2d, 2e, and 373.15 K for 5 and 6. 

 Markovnikov pathway Anti-Markovnikov pathway 
2a 24.35 19.88 
2b 26.64 23.28 
2c 19.32 17.75 
2e 22.25 22.52 
2d 21.88 21.53 
5 27.13 36.87 
6 22.47 33.65 

 
 Table 16: Activation free energies with PBE. Listed in units of kcal/mol. Thermal corrections were computed based on experimental reaction conditions. 333.15 K for 2c, 353.15 K for 2a, 2b, 2d, 2e, and 373.15 K for 5 and 6. 

 Markovnikov pathway Anti-Markovnikov pathway 
2a 22.65 16.47 
2b 26.75 22.28 
2c 18.81 14.99 
2e 21.32 19.76 
2d 22.20 18.04 
5 26.71 34.06 
6 23.72 31.40 
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Figure 30: Metal slipping analysis for 1-phenyl-2-methylenecyclopropane.fukui indices are computed and plotted on an approximate reaction coordinate where the substrate is translated past the metal. The black points (solid line) represent fukui index computed at terminal carbon, the blue points (dotted line) are the fukui indices computed at the internal carbon atom. =0 represents the stable structure of the reactant.  At equilibrium, the terminal carbon is the more electrophilic site.  As the metal slips from η2 → η1, the fukui index at the terminal carbon grows larger, and it decreases at the internal carbon.  This suggests that as the metal slips, induced by the incoming nucleophile, the electrophilic center becomes more reactive.  Experimentally, the anti-Markovnikov addition product (nucleophilic addition at the terminal carbon) is observed for 2c.  
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Figure 31: Metal slipping analysis for cyclobutadiene.fukui indices are computed and plotted on an approximate reaction coordinate where the substrate is translated past the metal.  The black points (solid line) represent fukui index computed at terminal carbon, the blue points (dotted line) are the fukui indices computed at the internal carbon atom. =0 represents the stable structure of the reactant.  At the starting, equilibrium =0, the internal carbon is more reactive to nucleophilic attack.  As the metal slips from η2 → η1, the fukui index at the internal carbon grows increases.  This suggests that addition will take place at the internal carbon and lead to the Markovnikov addition product, which is observed experimentally.  

.



 

78 

References 
Adachi, C., Baldo, M. A., Thompson, M. E., & Forrest, S. R. (2001). Nearly 100% internal phosphorescence efficiency in an organic light emitting device. J. Appl. Phys., 90(10), 5048-5051.   Albright, T. A. a. B., Jeremy K and Whangbo, Myung-Hwan. (1985). Orbital Interactions in Chemistry: Wiley, New York.  Alipour, M., & Karimi, N. (2017). Dissecting the accountability of parameterized and parameter-free single-hybrid and double-hybrid functionals for photophysical properties of TADF-based OLEDs. The Journal of Chemical Physics, 146(23), 234304. doi: 10.1063/1.4986777  Andersson, K., Malmqvist, P. Å., & Roos, B. O. (1992). Second-order perturbation theory with a complete active space self-consistent field reference function. The Journal of Chemical Physics, 96(2), 1218-1226. doi: 10.1063/1.462209  Andersson, K., Malmqvist, P. A., Roos, B. O., Sadlej, A. J., & Wolinski, K. (1990). Second-order perturbation theory with a CASSCF reference function. The Journal of Physical Chemistry, 94(14), 5483-5488. doi: 10.1021/j100377a012  Autschbach, J., & Srebro, M. (2014). Delocalization Error and “Functional Tuning” in Kohn–Sham Calculations of Molecular Properties. Accounts of Chemical Research, 47(8), 2592-2602. doi: 10.1021/ar500171t  Baer, R., Livshits, E., & Salzner, U. (2010). Tuned Range-Separated Hybrids in Density Functional Theory. Annual Review of Physical Chemistry, 61(1), 85-109. doi: doi:10.1146/annurev.physchem.012809.103321  Baldo, M. A., O'Brien, D. F., You, Y., Shoustikov, A., Silbey, S., Thompson, M. E., & Forrest, S. R. (1998). Highly efficient phosphorescent emission from organic electroluminescent devices. Nature, 395, 151-154.   Baldo, M. A., Thompson, M. E., & Forrest, S. R. (2000). High-efficiency fluorescent organic light-emitting devices using a phosphorescent sensitizer. Nature, 403, 750-753.   Becke, A. D. (1993). Density-functional thermochemistry. III. The role of exact exchange. The Journal of Chemical Physics, 98(7), 5648-5652. doi: 10.1063/1.464913 



 

79 

Burroughes, J. H., Bradley, D. D. C., Brown, A. R., Marks, R. N., Mackay, K., Friend, R. H., . . . Holmes, A. B. (1990). Light-emitting diodes based on conjugated polymers. Nature, 347(6293), 539-541.   Casida, M. E. (2009). Time-dependent density-functional theory for molecules and molecular solids. Journal of Molecular Structure: THEOCHEM, 914(1), 3-18. doi: http://dx.doi.org/10.1016/j.theochem.2009.08.018  Casida, M. E., Gutierrez, F., Guan, J., Gadea, F.-X., Salahub, D., & Daudey, J.-P. (2000). Charge-transfer correction for improved time-dependent local density approximation excited-state potential energy curves: Analysis within the two-level model with illustration for H2 and LiH. The Journal of Chemical Physics, 113(17), 7062-7071. doi: 10.1063/1.1313558  Chai, J.-D., & Head-Gordon, M. (2008). Systematic optimization of long-range corrected hybrid density functionals. The Journal of Chemical Physics, 128(8), 084106. doi: 10.1063/1.2834918  Christiansen, O., Koch, H., & Jørgensen, P. (1995). The second-order approximate coupled cluster singles and doubles model CC2. Chemical Physics Letters, 243(5), 409-418. doi: https://doi.org/10.1016/0009-2614(95)00841-Q  Ditchfield, R., Hehre, W. J., & Pople, J. A. (1971). Self-Consistent Molecular-Orbital Methods. IX. An Extended Gaussian-Type Basis for Molecular-Orbital Studies of Organic Molecules. The Journal of Chemical Physics, 54(2), 724-728. doi: doi:http://dx.doi.org/10.1063/1.1674902  Dreuw, A., & Head-Gordon, M. (2004). Failure of Time-Dependent Density Functional Theory for Long-Range Charge-Transfer Excited States:  The Zincbacteriochlorin−Bacteriochlorin and Bacteriochlorophyll−Spheroidene Complexes. Journal of the American Chemical Society, 126(12), 4007-4016. doi: 10.1021/ja039556n  Dreuw, A., & Head-Gordon, M. (2005). Single-Reference ab Initio Methods for the Calculation of Excited States of Large Molecules. Chemical Reviews, 105(11), 4009-4037. doi: 10.1021/cr0505627  Dreuw, A., Weisman, J. L., & Head-Gordon, M. (2003). Long-range charge-transfer excited states in time-dependent density functional theory require non-local exchange. The Journal of Chemical Physics, 119(6), 2943-2946. doi: 10.1063/1.1590951 



 

80 

Dunning, T. H. (1989). Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen. The Journal of Chemical Physics, 90(2), 1007-1023. doi: 10.1063/1.456153  Dunning, T. H., & Hay, P. J. (1977). Gaussian Basis Sets for Molecular Calculations. In H. F. Schaefer (Ed.), Methods of Electronic Structure Theory (pp. 1-27). Boston, MA: Springer US.  Eisenstein, O., & Hoffmann, R. (1980). Activation of a coordinated olefin toward nucleophilic attack. J Am Chem Soc, 102(19), 6148-6149. doi: 10.1021/ja00539a032  Endo, A., Ogasawara, M., Takahashi, A., Yokoyama, D., Kato, Y., & Adachi, C. (2009). Thermally Activated Delayed Fluorescence from Sn4+–Porphyrin Complexes and Their Application to Organic Light Emitting Diodes — A Novel Mechanism for Electroluminescence. Advanced Materials, 21(47), 4802-4806. doi: 10.1002/adma.200900983  Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., . . . Fox, D. J. (2009). Gaussian 09. Wallingford, CT, USA: Gaussian, Inc.   Gomez-Bombarelli, R., Aguilera-Iparraguirre, J., Hirzel, T. D., Duvenaud, D., Maclaurin, D., Blood-Forsythe, M. A., . . . Aspuru-Guzik, A. (2016). Design of efficient molecular organic light-emitting diodes by a high-throughput virtual screening and experimental approach. Nat Mater, 15(10), 1120-1127. doi: 10.1038/nmat4717 http://www.nature.com/nmat/journal/v15/n10/abs/nmat4717.html#supplementary-information  Hait, D., Zhu, T., McMahon, D. P., & Van Voorhis, T. (2016). Prediction of Excited-State Energies and Singlet–Triplet Gaps of Charge-Transfer States Using a Restricted Open-Shell Kohn–Sham Approach. Journal of Chemical Theory and Computation, 12(7), 3353-3359. doi: 10.1021/acs.jctc.6b00426  Hay, P. J., & Wadt, W. R. (1985). Ab initio effective core potentials for molecular calculations. Potentials for K to Au including the outermost core orbitals. The Journal of Chemical Physics, 82(1), 299-310. doi: doi:http://dx.doi.org/10.1063/1.448975  Hay, P. J., & Wadt, W. R. (1985). Ab initio effective core potentials for molecular calculations. Potentials for the transition metal atoms Sc to Hg. The Journal of Chemical Physics, 82(1), 270-283. doi: doi:http://dx.doi.org/10.1063/1.448799 



 

81 

Hirata, S., & Head-Gordon, M. (1999). Time-dependent density functional theory within the Tamm–Dancoff approximation. Chemical Physics Letters, 314(3–4), 291-299. doi: https://doi.org/10.1016/S0009-2614(99)01149-5  Huang, S., Zhang, Q., Shiota, Y., Nakagawa, T., Kuwabara, K., Yoshizawa, K., & Adachi, C. (2013). Computational Prediction for Singlet- and Triplet-Transition Energies of Charge-Transfer Compounds. Journal of Chemical Theory and Computation, 9(9), 3872-3877. doi: 10.1021/ct400415r  Iikura, H., Tsuneda, T., Yanai, T., & Hirao, K. (2001). A long-range correction scheme for generalized-gradient-approximation exchange functionals. The Journal of Chemical Physics, 115(8), 3540-3544. doi: 10.1063/1.1383587  Kasha, M. (1947). Phosphorescence and the R⊚le of the Triplet State in the Electronic Excitation of Complex Molecules. Chemical Reviews, 41(2), 401-419. doi: 10.1021/cr60129a015  Klessinger, M., & Michl, J. (1995). Excited states and photochemistry of organic molecules: VCH.  Koch, H., & Jo/rgensen, P. (1990). Coupled cluster response functions. The Journal of Chemical Physics, 93(5), 3333-3344. doi: 10.1063/1.458814  Körzdörfer, T., Parrish, R. M., Marom, N., Sears, J. S., Sherrill, C. D., & Bredas, J. L. (2012). Assessment of the performance of tuned range-separated hybrid density functionals in predicting accurate quasiparticle spectra. Physical Review B, 86(20), 205110.   Körzdörfer, T., Parrish, R. M., Sears, J. S., Sherrill, C. D., & Bredas, J. L. (2012). On the relationship between bond-length alternation and many-electron self-interaction error. Journal of Chemical Physics, 137(12), 124305-124308.   Kuritz, N., Stein, T., Baer, R., & Kronik, L. (2011). Charge-Transfer-Like π→π* Excitations in Time-Dependent Density Functional Theory: A Conundrum and Its Solution. Journal of Chemical Theory and Computation, 7(8), 2408-2415. doi: 10.1021/ct2002804  Lee, C., Yang, W., & Parr, R. G. (1988). Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density. Physical Review B, 37(2), 785-789.  



 

82 

Lewis, G. N., & Kasha, M. (1944). Phosphorescence and the Triplet State. Journal of the American Chemical Society, 66(12), 2100-2116. doi: 10.1021/ja01240a030  Lewis, G. N., Lipkin, D., & Magel, T. T. (1941). Reversible Photochemical Processes in Rigid Media. A Study of the Phosphorescent State. Journal of the American Chemical Society, 63(11), 3005-3018. doi: 10.1021/ja01856a043  Li, C., Zheng, X., Su, N. Q., & Yang, W. (2017). Localized orbital scaling correction for systematic elimination of delocalization error in density functional approximations. National Science Review, nwx111-nwx111. doi: 10.1093/nsr/nwx111  M. J. Frisch, G. W. T., H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox. Gaussian 09 (Gaussian, Inc., Wallingford CT, 2009).   McGlynn, S. P., Azumi, T., & Kinoshita, M. (1969). Molecular spectroscopy of the triplet state: Prentice-Hall.  Miertuš, S., Scrocco, E., & Tomasi, J. (1981). Electrostatic interaction of a solute with a continuum. A direct utilizaion of AB initio molecular potentials for the prevision of solvent effects. Chemical Physics, 55(1), 117-129. doi: http://dx.doi.org/10.1016/0301-0104(81)85090-2  Moral, M., Muccioli, L., Son, W. J., Olivier, Y., & Sancho-García, J. C. (2015). Theoretical Rationalization of the Singlet–Triplet Gap in OLEDs Materials: Impact of Charge-Transfer Character. Journal of Chemical Theory and Computation, 11(1), 168-177. doi: 10.1021/ct500957s 



 

83 

Mori-Sánchez, P., Cohen, A. J., & Yang, W. (2006). Many-electron self-interaction error in approximate density functionals. The Journal of Chemical Physics, 125(20), 201102-201104.   Mori-Sánchez, P., Cohen, A. J., & Yang, W. (2008). Localization and Delocalization Errors in Density Functional Theory and Implications for Band-Gap Prediction. Physical Review Letters, 100(14), 146401.   Parr, R. G., & Yang, W. (1984). Density functional approach to the frontier-electron theory of chemical reactivity. J Am Chem Soc, 106(14), 4049-4050. doi: 10.1021/ja00326a036  Parr, R. G., & Yang, W. (1989). Density-functional theory of atoms and molecules (Vol. 16): Oxford university press.  Peach, M. J. G., Williamson, M. J., & Tozer, D. J. (2011). Influence of Triplet Instabilities in TDDFT. Journal of Chemical Theory and Computation, 7(11), 3578-3585. doi: 10.1021/ct200651r  Penfold, T. J. (2015). On Predicting the Excited-State Properties of Thermally Activated Delayed Fluorescence Emitters. The Journal of Physical Chemistry C, 119(24), 13535-13544. doi: 10.1021/acs.jpcc.5b03530  Perdew, J. P., Burke, K., & Ernzerhof, M. (1996). Generalized Gradient Approximation Made Simple. Physical Review Letters, 77(18), 3865-3868.   Perdew, J. P., Burke, K., & Ernzerhof, M. (1997). Generalized Gradient Approximation Made Simple [Phys. Rev. Lett. 77, 3865 (1996)]. Physical Review Letters, 78(7), 1396-1396.   Ring, P., & Schuck, P. (1980). The nuclear many-body problem. New York, N.Y: Springer.  Runge, E., & Gross, E. K. U. (1984). Density-Functional Theory for Time-Dependent Systems. Physical Review Letters, 52(12), 997-1000.   Ruzsinszky, A., Perdew, J. P., Csonka, G. I., Vydrov, O. A., & Scuseria, G. E. (2006). Spurious fractional charge on dissociated atoms: Pervasive and resilient self-interaction error of common density functionals. The Journal of Chemical Physics, 125(19), 194112-194118.  



 

84 

Salzner, U., & Aydin, A. (2011). Improved Prediction of Properties of π-Conjugated Oligomers with Range-Separated Hybrid Density Functionals. Journal of Chemical Theory and Computation, 7(8), 2568-2583. doi: 10.1021/ct2003447  Sasabe, H., & Kido, J. (2013). Development of high performance OLEDs for general lighting. J. Mater. Chem. C, 1, 1699-1707.   Scalmani, G., & Frisch, M. J. (2010). Continuous surface charge polarizable continuum models of solvation. I. General formalism. The Journal of Chemical Physics, 132(11), 114110. doi: doi:http://dx.doi.org/10.1063/1.3359469  Schreiber, M., Silva-Junior, M. R., Sauer, S. P. A., & Thiel, W. (2008). Benchmarks for electronically excited states: CASPT2, CC2, CCSD, and CC3. The Journal of Chemical Physics, 128(13), 134110. doi: 10.1063/1.2889385  Schrödinger, E. (1926). An Undulatory Theory of the Mechanics of Atoms and Molecules. Physical Review, 28(6), 1049-1070.   Shizu, K., Sakai, Y., Tanaka, H., Hirata, S., Adachi, C., & Kaji, H. (2015). Meta-linking Strategy for Thermally Activated Delayed Fluorescence Emitters with a Small Singlet-Triplet Energy Gap. ITE Transactions on Media Technology and Applications, 3(2), 108-113. doi: 10.3169/mta.3.108  Shu, Y., & Levine, B. G. (2015). Simulated evolution of fluorophores for light emitting diodes. The Journal of Chemical Physics, 142(10), 104104. doi: 10.1063/1.4914294  Stein, T., Kronik, L., & Baer, R. (2009). Reliable Prediction of Charge Transfer Excitations in Molecular Complexes Using Time-Dependent Density Functional Theory. Journal of the American Chemical Society, 131(8), 2818-2820. doi: 10.1021/ja8087482  Sun, H., Zhong, C., & Brédas, J.-L. (2015). Reliable Prediction with Tuned Range-Separated Functionals of the Singlet–Triplet Gap in Organic Emitters for Thermally Activated Delayed Fluorescence. Journal of Chemical Theory and Computation, 11(8), 3851-3858. doi: 10.1021/acs.jctc.5b00431  Szabó, A., & Ostlund, N. S. (1996). Modern quantum chemistry : introduction to advanced electronic structure theory. London: Constable.  Tang, C. W., & VanSlyke, S. A. (1987). Organic electroluminescent diodes. Applied Physics Letters, 51(12), 913-915. doi: doi:http://dx.doi.org/10.1063/1.98799 



 

85 

 Tang, C. W., VanSlyke, S. A., & Chen, C. H. (1989). Electroluminescence of doped organic thin films. Journal of Applied Physics, 65(9), 3610-3616. doi: doi:http://dx.doi.org/10.1063/1.343409  Tawada, Y., Tsuneda, T., Yanagisawa, S., Yanai, T., & Hirao, K. (2004). A long-range-corrected time-dependent density functional theory. The Journal of Chemical Physics, 120(18), 8425-8433. doi: 10.1063/1.1688752  Timmerman, J. C., Robertson, B. D., & Widenhoefer, R. A. (2015). Gold-Catalyzed Intermolecular Anti-Markovnikov Hydroamination of Alkylidenecyclopropanes. Angewandte Chemie International Edition, 54(7), 2251-2254. doi: 10.1002/anie.201410871  Tsuneda, T., & Hirao, K. (2014). Long-range correction for density functional theory. Wiley Interdisciplinary Reviews: Computational Molecular Science, 4(4), 375-390. doi: 10.1002/wcms.1178  Uoyama, H., Goushi, K., Shizu, K., Nomura, H., & Adachi, C. (2012). Highly efficient organic light-emitting diodes from delayed fluorescence. Nature, 492(7428), 234-238. doi: http://www.nature.com/nature/journal/v492/n7428/abs/nature11687.html#supplementary-information  van Aggelen, H., Yang, Y., & Yang, W. (2013). Exchange-correlation energy from pairing matrix fluctuation and the particle-particle random-phase approximation. Physical Review A, 88(3), 030501.   Vydrov, O. A., & Scuseria, G. E. (2006). Assessment of a long-range corrected hybrid functional. The Journal of Chemical Physics, 125(23), 234109. doi: 10.1063/1.2409292  Wadt, W. R., & Hay, P. J. (1985). Ab initio effective core potentials for molecular calculations. Potentials for main group elements Na to Bi. The Journal of Chemical Physics, 82(1), 284-298. doi: doi:http://dx.doi.org/10.1063/1.448800  Wang, C., Ren, X.-R., Qi, C.-Z., & Yu, H.-Z. (2016). Mechanistic Study on Gold-catalyzed Highly Selective Hydroamination of Alkylidenecyclopropanes. The Journal of Organic Chemistry. doi: 10.1021/acs.joc.6b00726 



 

86 

Widenhoefer, R. A., & Han, X. (2006). Gold-Catalyzed Hydroamination of C–C Multiple Bonds. European Journal of Organic Chemistry, 2006(20), 4555-4563. doi: 10.1002/ejoc.200600399 
Wong, M. Y., & Zysman-Colman, E. (2017). Purely Organic Thermally Activated Delayed Fluorescence Materials for Organic Light-Emitting Diodes. Advanced Materials, 29(22), 1605444-n/a. doi: 10.1002/adma.201605444  Woon, D. E., & Dunning, T. H. (1993). Gaussian basis sets for use in correlated molecular calculations. III. The atoms aluminum through argon. The Journal of Chemical Physics, 98(2), 1358-1371. doi: 10.1063/1.464303  Yanai, T., Tew, D. P., & Handy, N. C. (2004). A new hybrid exchange–correlation functional using the Coulomb-attenuating method (CAM-B3LYP). Chemical Physics Letters, 393(1–3), 51-57. doi: https://doi.org/10.1016/j.cplett.2004.06.011  Yang, W., & Mortier, W. J. (1986). The use of global and local molecular parameters for the analysis of the gas-phase basicity of amines. J Am Chem Soc, 108(19), 5708-5711. doi: 10.1021/ja00279a008  Yang, Y., Davidson, E. R., & Yang, W. (2016). Nature of ground and electronic excited states of higher acenes. Proceedings of the National Academy of Sciences, 113(35), E5098-E5107. doi: 10.1073/pnas.1606021113  Yang, Y., Peng, D., Davidson, E. R., & Yang, W. (2015). Singlet–Triplet Energy Gaps for Diradicals from Particle–Particle Random Phase Approximation. The Journal of Physical Chemistry A, 119(20), 4923-4932. doi: 10.1021/jp512727a  Yang, Y., Peng, D., Lu, J., & Yang, W. (2014). Excitation energies from particle-particle random phase approximation: Davidson algorithm and benchmark studies. The Journal of Chemical Physics, 141(12), 124104. doi: doi:http://dx.doi.org/10.1063/1.4895792  Yang, Y., van Aggelen, H., & Yang, W. (2013). Double, Rydberg and charge transfer excitations from pairing matrix fluctuation and particle-particle random phase approximation. The Journal of Chemical Physics, 139(22), 224105. doi: doi:http://dx.doi.org/10.1063/1.4834875  



 

87 

Yang, Z., Mao, Z., Xie, Z., Zhang, Y., Liu, S., Zhao, J., . . . Aldred, M. P. (2017). Recent advances in organic thermally activated delayed fluorescence materials. Chemical Society Reviews, 46(3), 915-1016. doi: 10.1039/C6CS00368K  Yersin, H., Rausch, A. F., Czerwieniec, R., Hofbeck, T., & Fischer, T. (2011). The triplet state of organo-transition metal compounds. Triplet harvesting and singlet harvesting for efficient OLEDs. Coordination Chemistry Reviews, 255(21), 2622-2652. doi: http://dx.doi.org/10.1016/j.ccr.2011.01.042  Zhang, D., & Yang, W. (2016). Accurate and efficient calculation of excitation energies with the active-space particle-particle random phase approximation. The Journal of Chemical Physics, 145(14), 144105. doi: 10.1063/1.4964501  Zhang, Q., Li, B., Huang, S., Nomura, H., Tanaka, H., & Adachi, C. (2014). Efficient blue organic light-emitting diodes employing thermally activated delayed fluorescence. Nat Photon, 8(4), 326-332. doi: 10.1038/nphoton.2014.12 http://www.nature.com/nphoton/journal/v8/n4/abs/nphoton.2014.12.html#supplementary-information  Zhang, Z., Lee, S. D., & Widenhoefer, R. A. (2009). Intermolecular Hydroamination of Ethylene and 1-Alkenes with Cyclic Ureas Catalyzed by Achiral and Chiral Gold(I) Complexes. J Am Chem Soc, 131(15), 5372-5373. doi: 10.1021/ja9001162  Zhao, Y., & Truhlar, D. G. (2008). The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition elements: two new functionals and systematic testing of four M06-class functionals and 12 other functionals. Theoretical Chemistry Accounts, 120(1), 215-241. doi: 10.1007/s00214-007-0310-x  Zheng, X., Liu, M., Johnson, E. R., Contreras-García, J., & Yang, W. (2012). Delocalization error of density-functional approximations: A distinct manifestation in hydrogen molecular chains. The Journal of Chemical Physics, 137(21), 214106. doi: 10.1063/1.4768673  



 

88 

Biography 
Rachael Al-Saadon was born on February 1, 1990 in Terre Haute, Indiana. She 

received a bachelor’s of science in chemistry at Indiana University Bloomington in May 
2012 before pursuing doctoral studies at Duke University in August 2012. While at 
Duke, Rachael was a fellow for Graduate Assistance in Areas of National Need through 
the Department of Education and a member of the American Chemical Society. 

Rachael is co-author of the article “Diverse Optimal Molecular Libraries for 
Organic Light-Emitting Diodes,” which appeared in The Journal of Chemical Theory 
and Computation in 2016. She currently has three publications in review.  

During her time at Duke, Rachael has volunteered with educational outreach 
programs including: Duke Science Under the Stars, FEMMES (Females Excelling More 
in Math, Engineering, and Science), and SEEDS summer camp. 


